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A new noncentrosymmetric polar ternary tellurium(IV) oxide phosphate, Te2O(PO4)2, has been synthesized by a
standard solid-state reaction, and the structure was determined by single crystal X-ray diffraction. Thematerial shows a
three-dimensional framework structure that is composed of slightly distorted TeO5 square pyramids and PO4

tetrahedra. Within the framework three-, four-, and seven-membered ring channels are observed along the [100]
direction. In addition to structural characterization, second-harmonic generation (SHG) and piezoelectric measure-
ments were performed. Powder SHG measurement on the Te2O(PO4)2, using 1064 nm radiation, indicated the
material has a SHG efficiency of approximately 50 � R-SiO2. Converse piezoelectric measurements revealed a d33
value of 20 pm V-1. Thermogravimetric analysis, UV-vis diffuse reflectance, and infrared spectroscopy were also
performed, as were electronic structure calculations. Crystal data: Te2O(PO4)2, monoclinic, space group Cc (No. 9),
with a = 5.3819(7) Å, b = 13.6990(19) Å, c = 9.5866(12) Å, V = 686.73(16) Å3, and Z = 4.

Introduction

Tellurium(IV) oxide phosphate materials have received
significant attention for their rich structural chemistry attri-
butable to the composing building blocks, that is, TeOx (x=
4 or 5) and PO4 groups.

1-7 While the TeOx group normally
exhibits variable coordination environments such as trigonal
pyramid, seesaw, square pyramid, and so forth, the PO4 group
shows a tetrahedral geometry. From the various coordination
geometries and their combination subsequently result in the
formation of a wide variety of structural topologies. Further,
tellurium(IV) oxide materials, that is, tellurites, also possess
asymmetric structural geometry owing to the nonbonded
electron pair on the Te4þ cation.8-11 Materials containing

lone pair cations such as Te4þ have proven to easily crystallize
in noncentrosymmetric (NCS) crystal structures attributable to
their local acentric coordination environments.12-16 Regardless
of the dimensions of the materials, a number of strategies have
been suggested to increase the incidence of crystallographic
NCSstructures inanynewmaterial,17-22 since they could reveal
extremely important technological properties such as second
harmonic generation (SHG), piezoelectricity, ferroelectricity,
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and pyroelectricity.23-26 With oxide materials, the NCS struc-
tures are often observed from the two inherently asymmetric
second-order Jahn-Teller (SOJT) distortive cations:27-32 octa-
hedrally coordinatedd0 transition-metal ions (Ti4þ,V5þ,Mo6þ,
etc.) and lone-pair cations (Sb3þ, Te4þ, I5þ, etc.).While an out-
of-center displacement toward a corner, edge, or face of the
octahedron attributable to mixing between the empty metal
d- and filled oxygen p-orbitals is responsible for the asymmetric
geometry of the d0 metal ions,33 nonbonded electron pairs
involving metal s-p mixing as well as oxygen 2p orbitals are
found from the lone pair cations.34-36 Because the asymmetric
environments are one of the dominant factors that influence the
materials’ NCS properties, to understand the structural basis of
the local asymmetric environments is very important.However,
the local asymmetric environment is a necessary, but not
sufficient condition for creating macroscopic NCS structures.
In other words, once the local acentric units are aligned in an
antiparallel manner, the material may crystallize in a centro-
symmetric structure. Thus, understanding the factors that
determine macroscopic centricity is as much important as
understanding the local asymmetry, and the rational design of
NCSmaterials still remains an ongoing challenge. In this paper,
we report on the solid-state synthesis, structure, and character-
ization of a new polar ternary tellurium(IV) oxide phosphate,
Te2O(PO4)2. Although several tellurium(IV) oxide phosphate
materials such as Te2O3(HPO4),

1,3 Te8O10(PO4)4,
2 A2TeMo2-

O6(PO4)2 (A = K, Rb, Tl, Cs),4 Te3O3(PO4)2,
5 BaTeMO4-

(PO4),
6 and Ba2TeO(PO4)2

7 have been reported, only Te2O3-
(HPO4) crystallizes in NCS structure. Besides, no NCS
properties has been reported for any tellurium(IV) oxide phos-
phate material yet. Thus, we are going to explore the detailed
NCS materials’ properties for Te2O(PO4)2. As such, SHG and
piezoelectricity on Te2O(PO4)2 were performed. We also per-
formed thermogravimetricanalysis,UV-visdiffuse reflectance,
infrared spectroscopy, and electronic structure calculations.

Experimental Section

Reagents. TeO2 (Alfa Aesar, 99.9%), (NH4)H2PO4 (Aldrich,
g98.5%), and P4O10 (Aldrich, 98þ%) were used as received.

Synthesis. Crystals of Te2O(PO4)2 were prepared by using
TeO2 and P4O10. A 0.112 g portion (7.00 � 10-4 mol) of TeO2

and 0.100 g (3.50 � 10-4 mol) of P4O10 were thoroughly mixed
with an agate mortar and pestle under an atmosphere of dry
argon and pressed into a pellet. The pellet was introduced into a
fused silica tube that was evacuated and subsequently sealed.
The tube was gradually heated to 550 �C, held for 24 h, and

cooled to room temperature at a rate of 6 �C h-1. The powder
X-ray diffraction pattern on the resultant colorless block crys-
tals indicated the material was single-phase. Alternatively, pure
polycrystalline samples of Te2O(PO4)2 were obtained from the
solid-state reaction of TeO2 and (NH4)H2PO4. A 0.463 g por-
tion (2.90� 10-3 mol) of TeO2 and 0.334 g (2.90� 10-3 mol) of
(NH4)H2PO4 were thoroughly mixed, pelletized, heated at
210 �C for 12 h. The product was reground, pelletized, and
heated to 500 �C for 12 h in air and cooled down to the room
temperature at a rate of 5 �Cmin-1. PowderX-ray diffraction on
the resultant polycrystalline sample was in a good agreement
with the generated pattern from the single-crystal structure.

SingleCrystal X-rayDiffraction.The structure of Te2O(PO4)2
was determined by standard crystallographic methods. A color-
less block (0.08 � 0.20 � 0.30 mm3) was used for single crystal
data analysis. All of the data were collected using a Bruker
SMART APEX diffractometer equipped with a 1K CCD area
detectorusinggraphitemonochromatedMoKR radiation at room
temperature at the Korea Basic Science Institute. A hemisphere of
data was collected using a narrow-frame method with scan widths
of 0.30� inω, and an exposure timeof 5 s/frame.The first 50 frames
were remeasured at the end of the data collection to monitor
instrument and crystal stability. The maximum correction applied
to the intensities was <1%. The data were integrated using the
SAINT program,37 with the intensities corrected for Lorentz,
polarization, air absorption, and absorption attributable to the
variation in the path length through the detector faceplate. A
semiempirical absorption correction was made on the hemisphere
of data with the SADABS program.38 The data were solved and
refined using SHELXS-97 and SHELXL-97, respectively.39,40 All
of the atomswere refinedwith anisotropic thermal parameters and
converged for I>2σ(I). All calculationswere performed using the
WinGX-98 crystallographic software package.41 Crystallographic
data and selectedbonddistances for the reportedmaterial are given
in Tables 1 and 2.

Powder X-ray Diffraction (XRD). Powder XRD was used to
confirm the phase purity for the synthesizedmaterial. The XRD
data were collected on a Scintag XDS2000 diffractometer at
room temperature (Cu KR radiation, θ-θ mode, flat plate
geometry) equipped with Peltier germanium solid state detector
in the 2θ range 5-70�with a step size of 0.02�, and a step time of

Table 1. Crystallographic Data for Te2O(PO4)2

formula Te2P2O9 T (�C) 298.0(2)
formula weight 461.14 λ (Å) 0.71073
crystal dimensions
(mm3)

0.08 � 0.20 � 0.30 Fcalcd (g cm-3) 4.460

color, habit colorless block μ (mm-1) 8.989
crystal system monoclinic 2θmax (deg) 55.62
space group Cc (No. 9) reflection

collected/unique
2031/1026

a (Å) 5.3819(7) absorption
correction

SADABS

b (Å) 13.6990(19) R(int) 0.0393
c (Å) 9.5866(12) GOF 1.046
β (deg) 103.682(2) extinction

coefficient
0.054(2)

V (Å3) 686.73(16) R(F)a 0.0307
Z 4 Rw(Fo

2)b 0.0854

aR(F) =
P

||Fo| - |Fc||/
P

|Fo|.
bRw(Fo

2) = [
P

w(Fo
2 - Fc

2)2/P
w(Fo

2)2]1/2.
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1 s. The experimental powderXRDpattern is in good agreement
with the calculated data from the single-crystal model.

Infrared Spectroscopy. Infrared spectrum was recorded on a
Varian 1000 FT-IR spectrometer in the 400-4000 cm-1 range,
with the sample pressed between two KBr pellets.

UV-vis Diffuse Reflectance Spectroscopy.UV-visible reflec-
tance data were collected on a Varian Cary 500 scan UV-
vis-NIR spectrophotometer over the spectral range 200-1500
nm at room temperature. Poly(tetrafluoroethylene) was used as
a reference material. Reflectance spectrum was converted to the
absorbance using the Kubelka-Munk function.42,43

Thermogravimetric Analysis. Thermogravimetric analysis
was performed on a Setaram LABSYS TG-DTA/DSC Thermo-
gravimetric Analyzer. The polycrystalline Te2O(PO4)2 sample was
contained within an alumina crucible and heated at a rate of 10 �C
min-1 from room temperature to 800 �C under flowing argon.

Second-Order Nonlinear Optical Measurements. Powder
SHG measurements on polycrystalline Te2O(PO4)2 were per-
formed on a modified Kurtz-NLO system44 using 1064 nm
radiation. A detailed description of the equipment and the
methodology used has been published.45 SHG efficiency has been
shown to depend strongly on particle size, thus polycrystalline
samples were ground and sieved into distinct particle size ranges
(20-45, 45-63, 63-75, 75-90, >90 μm). To make relevant
comparisons with known SHGmaterials, crystalline R-SiO2 and
LiNbO3 were also ground and sieved into the same particle size
ranges. Powders with particle size 45-63 μm were used for
comparing SHG intensities. No index matching fluid was used
in any of the experiments.

Piezoelectric Measurements. Piezoelectric measurements
were performed using a Radiant Technologies RT66A piezo-
electric test system with a TREK (model 609E-6) high vol-
tage amplifier, Precision Materials Analyzer, Precision High
Voltage Interface, and MTI 2000 Fotonic Sensor. The poly-
crystalline Te2O(PO4)2 was pressed into a 13 mm diameter
and ∼1.2 mm thick pellet. The pellet was annealed at 650 �C
for 12 h. A conducting silver paste was applied to both sides
of the pellet surfaces for electrodes. A maximum voltage of
500 V was applied to the sample. Twenty measurements were
performed and an average was taken.

Electronic Structure Calculations. First principles electronic
band structure calculations were performed utilizing the plane
wave pseudopotential (PWPP)46 and tight-binding linear
muffin-tin orbital (TB-LMTO)methods47,48 based upon density
functional theory (DFT). For the PWPP calculations, the
Quantum ESPRESSO (4.0.1 version) package49 was employed.

Norm-conservingMartins-Troullier pseudopotentials (MTPPs)
for all the elements were used with the generalized gradient
approximation (GGA)50 for the exchange-correlation correc-
tions. A plane wave energy cutoff was set to 37 Ry. A Gaussian
smearing of 0.01 Ry for Brillouin zone integrations was adopted
with a 9� 3� 5 k-point mesh in theC-centered monoclinic unit
cell. TB-LMTO calculations were performed within the atomic
sphere approximation (ASA). The von Barth-Hedin local ex-
change-correlation potential51 was utilized for the local density
approximation (LDA). The radial scalar relativistic Dirac equa-
tion was solved for obtaining the partial waves. A total of 20
empty spheres introduced were necessary to attain space filling
for Te2O(PO4)2. A total of 84 irreducible k-points from 6� 6� 4
grid was used for Brillouin zone integrations by tetrahedron
method.46,52,53 The basis set consisted of Te-5s/5p/[5d]/[4f],
P-3s/3p/[3d], and O-2s/2p/[3s]/[3d] orbitals where the orbital
in bracket was treated with the downfolding technique.54 Total
energy changes of less than 10-5 Ry indicated self-consistency.

Results and Discussion

Structure. Te2O(PO4)2 is a new ternary tellurium(IV)
oxide phosphate material crystallizing in a NCS polar
space group Cc. The structure contains PO4 tetrahedra
and asymmetric TeO5 polyhedra, which are connected by
Te-O-Te and Te-O-P bonds (see Figure 1). However,
no P-O-P bond is observed within the structure. There
are two unique Te4þ cations that are in distorted square
pyramidal environment, bonded to five oxygen atoms.
The Te-O bond lengths range from 1.910(8) to 2.230(10)
Å. A list of the selected bond distances is given in Table 2.
The bond distances are consistent with those previously
reported.1-7 The O-Te-O bond angles range from
80.6(3) to 173.2(3)�. The Te4þ cations are in a highly
asymmetric coordination environment attributed to their
nonbonded electron pair. The two unique P5þ cations are
in slightly distorted tetrahedral geometry, linked to four
oxygen atoms. The P-O bond distances range from
1.536(10) to 1.560(8) Å. The O-P-O bond angles range
from 107.6(5) to 111.9(5)�. Each oxygen atom is bonded

Table 2. Selected Bond Distances (Å) for Te2O(PO4)2

Te(1)-O(1) 2.130(9) P(1)-O(1) 1.537(7)
Te(1)-O(2) 2.230(10) P(1)-O(4) 1.560(8)
Te(1)-O(3) 2.046(9) P(1)-O(7) 1.559(9)
Te(1)-O(4) 2.118(9) P(1)-O(8) 1.548(9)
Te(1)-O(5) 1.910(8) P(2)-O(2) 1.559(8)
Te(2)-O(5) 1.917(8) P(2)-O(3) 1.536(10)
Te(2)-O(6) 2.104(9) P(2)-O(6) 1.555(10)
Te(2)-O(7) 2.074(8) P(2)-O(9) 1.558(9)
Te(2)-O(8) 2.070(10)
Te(2)-O(9) 2.123(9)

Figure 1. ORTEP (50% probability ellipsoids) drawing for Te2O-
(PO4)2.
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to two atoms; while theO(5) is linked to two Te4þ cations,
all the other oxygen atoms are coordinated to both Te4þ

andP5þ cations. Thus, in connectivity terms, the structure
may be written as a neutral framework of {[Te(1)O5/2]

-

[Te(2)O5/2]
- [P(1)O4/2]

þ [P(2)O4/2]
þ}0. Bond valence

calculations55,56 on Te2O(PO4)2 resulted in values of
4.00-4.11 and 4.81-4.83 for Te4þ and P5þ, respectively.
The two five-coordinate Te(1)O5 and Te(2)O5 square
pyramids are sharing their corner through O(5) and are
forming a Te2O9 “dimer” (see Figure 2a). Each Te2O9

dimer is connected by PO4 tetrahedra throughO(1), O(2),
O(3), O(4), O(6), O(7), O(8), and O(9) and forms a novel
three-dimensional framework (see Figure 2). Interest-
ingly, three-, four-, and seven-membered ring channels
are observed along the [100] direction in the framework
structure (see Figure 3). The dimension of the seven-
membered ring is approximately 1.7 Å � 5.3 Å, taking
into account the atomic radii of oxygen.57

Infrared Spectroscopy. The infrared spectrum of Te2O-
(PO4)2 exhibits Te-O, P-O, and Te-O-P vibrations.
The Te-O vibrations are observed around 628-773 and
416 cm-1. The bands occurring about 975-1121 and
451-577 cm-1 can be assigned to P-O vibrations. A
band occurring around 606 cm-1 is attributed to Te-
O-P vibration. The infrared vibrations and assignments
are listed in Table 3. The assignments are consistent with
those previously reported.58,59

UV-vis Diffuse Reflectance Spectroscopy. Te2O(PO4)2
is white and theUV-vis diffuse reflectance spectrum shows
that it is transparent.Absorption (K/S) datawere calculated
from the following Kubelka-Munk function:42,43

FðRÞ ¼ ð1-RÞ2
2R

¼ K

S

where R is the reflectance, K the absorption, and S the
scattering. In the (K/S)-versus-E plot, extrapolating the
linear part of the rising curve to zero provided the onset of
absorption at ∼4 eV for Te2O(PO4)2. The band gap is
mainly attributable to the degree of the distortions arising
fromTeO5 andPO4 groups. TheUV-vis diffuse reflectance
spectrum is deposited in the Supporting Information.

Thermogravimetric Analysis.Te2O(PO4)2 is stable up to
800 �C, as indicated by the thermogravimetric analysis
diagram. No weight change has been observed. The TGA
plot forTe2O(PO4)2 is shown in the Supporting Information.

Second Harmonic Generation. As Te2O(PO4)2 crystal-
lizes in NCS space group Cc, we investigated its SHG
properties. Powder SHG measurements, using 1064 nm
radiation, indicated that Te2O(PO4)2 has a SHG effi-
ciency of approximately 50 � R-SiO2. By sieving Te2O-
(PO4)2 into various particle sizes, ranging from 20-
150 μm, and measuring the SHG as a function of particle
size, we were able to determine the Type 1 phase-matching
capabilities of thematerial.Wedetermined thatTe2O(PO4)2
is not phase-matchable (see the Supporting Information).
On the basis of the SHG efficiency and phase-matching
measurements, Te2O(PO4)2 falls into the class C category of
SHG materials, as defined by Kurtz and Perry.44 Once the
SHG efficiency has been measured and the phase-matching
behavior determined, the bulk SHG efficiency, Ædeff æexp, can
be estimated.60 For Te2O(PO4)2, Ædeff æexp is approximately
3.9 pm V-1.

Piezoelectric Measurement. Space group Cc exhibits
the correct symmetry for SHG as well as piezoelectricity.
Thus, converse piezoelectric measurements were per-
formed on Te2O(PO4)2. In this measurement, the applica-
tion of a voltage results in the macroscopic deformation of
the material, which in turn is occurring as a strain parallel
to the direction of the polarization. A maximum voltage of
500 V was applied to the sample. Twenty measurements
wereperformed, andanaveragewas taken.The graphof the
piezoelectric data has been deposited in the Supporting
Information. The piezoelectric charge constant, d33, was
calculated from

ΔL ¼ S � L0 ∼ E � d33 � L0

whereΔL is the displacement of the sample,L0 is the sample
thickness (m), S is the strain (ΔL/L0), and E is the electric
field strength (Vm-1).We estimate d33 values of 20 pmV-1

for Te2O(PO4)2. The value is similar to that of LiNbO3 (d33
= 6-19 pm V-1).61

Electronic Structure Analysis. As mentioned earlier,
calculations of the electronic energy band structures of

Figure 2. Ball-and-stick diagrams of (a) Te2O9 dimers, (b) PO4 tetra-
hedra, and (c) the “linking” of the Te2O9 dimers by PO4 tetrahedra to
form a framework of Te2O(PO4)2 (green, Te; cyan, P; red, O).
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Te2O(PO4)2 were carried out using the pseudopotential
and TB-LMTO-ASA methods. Similar electronic energy
band structures for Te2O(PO4)2 were calculated from
both methods. Figure 4 shows the total and projected
density of states (DOSs) calculated from the pseudo-
potential method. The electronic structure shows an approxi-
mate energy gap of 2.1 eV at the Fermi level (EF) for
Te2O(PO4)2 that is considerably smaller than the experi-
mentally observed energy gap of 4 eV in the UV-vis
diffuse reflective spectrum. The tendency for electronic
band structure calculations to underestimate the band
gap energy has been well documented in previous
reports.62-64 From the projected DOSs (PDOSs) ana-
lysis, the bottom of the valence band from approximately
-12.5 eV to -10.5 eV is predominantly contributed by
nearly equal amount of O-2s and Te-5s orbitals and
weakly contributed by P-3sp orbitals. As P-3sp PDOS
indicated, the P-3sp orbitals weakly contribute below the
EF which is consistent with the valence bond sum ana-
lysis, that is, 4.81 and 4.83 for P(1)5þ and P(2)5þ cations.
As seen in Figure 4a, the top part of the valence band
ranging approximately from-2 eV to EF mainly consists
of O-2p in character and the contribution from Te-5sp
orbitals is small. Further detailed analyses on the Te-5s
and Te-5p with PDOSs reveal that the contribution of
Te-5s orbitals is slightly larger than that of Te-5p orbitals
in the region. In addition, the Te-5s PDOSs indicate that
the major contribution of the Te-5s orbital appears at the
bottom of the valence bands, not at the top of the valence
band (see Figure 4b).

Figure 5 exhibits bond characters of the bands through
crystal orbital Hamilton population (COHP) analyses65

carried out using the TB-LMTO-ASA method. The
-COHP curve for the P-O indicates that the P-Obonds
are optimized because the bands showing bonding char-
acters are filled but those of antibonding characters are

Figure 3. Ball-and-stick and polyhedral representations of Te2O(PO4)2 (a) in the bc-plane and (b) ac-plane (green, Te; cyan, P; red, O). Three-, four-, and
seven-membered ring channels are observed along the [100] direction.

Table 3. Infrared Vibrations (cm-1) for Te2O(PO4)2

P-O Te-O P-O-Te

1121 773 606
1004 628
975 416
577
524
451

Figure 4. (a) Total and projected density of states (DOS) of Te2O(PO4)2
calculated from the pseudopotential method. (b) The detailed PDOS for
Te(1) and Te(2). The vertical dotted line at 0 eV indicates EF.

(62) Eng, H.W.; Barnes, P.W.; Auer, B. M.;Woodward, P. J. Solid State
Chem. 2003, 175, 94.

(63) Mizoguchi, H.; Eng, H. W.; Woodward, P. Inorg. Chem. 2004, 43,
1667.

(64) Mizoguchi, H.; Woodward, P. Chem. Mater. 2004, 16, 5233. (65) Dronskowski, R.; Bloechl, P. E. J. Phys. Chem. 1993, 97, 8617.
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empty. However, the-COHP curve for the Te-O reveals
that the bonding and antibonding characters for the
Te-O bonds are below and above around-2 eV, respec-
tively. As expected, the Te-5s orbitals near the EF are
directly related to the formation of the stereochemically
active lone pairs on the Te4þ cations.
From the electronic structure analyses, formation of

the stereoactive lone pairs on the Te4þ cations is consid-
ered to be driven by the cation (Te4þ)-anion (O2-) inter-
actions66-68 rather than the intra-5sp mixing of Te4þ

cations. As shown in Figure 4, the Te-5s orbital is
significantly localized at the bottom rather than at the top
of the valence band. In fact, an empirical trend with
respect to 6s orbital contribution of heavier elements
involved in their heavier element oxides such as HgO,
Tl2O3, PbO, and Bi2O3 was observed experimentally and
theoretically in regard to a relative contribution of O-2p
at the bottom of the valence band.69 Their O-2p contribu-
tions are less than 50%as comparedwith the contribution
of the heavier element 6s orbitals at the bottom of the
valence band.We extended the idea to Te2O(PO4)2. Like-
wise, the relative O-2p contribution was estimated cal-
culating a ratio of integrated PDOSs (IPDOSs), that is,
IPDOS(O-2p)/[IPDOS(Te-5s)þIPDOS(O-2p)] at the
bottom of the valence band (near -13 eV to -10.2 eV).
The value is of 0.47 which is close to the value found in
Tl2O3.

69 Thus, we can deduce that the Te-5s orbital is
truly localized at the bottom of the valence band. There-
fore, the stereoactive lone pair formation is considered to
be driven by indirect 5s-5p mixing of Te4þ mediated by
O-2p through Te4þ-O2- interactions at the top of the
valence band. Such interactions may allow forming the
stereoactive lone pairs on Te4þ cation even at different
coordination environments such as Te4þO3, Te

4þO4, and
Te4þO5.

70

Structure-Property Relationships. As we described in
the structure section, Te2O(PO4)2 crystallizes in the NCS
polar space groupCc. It would be important to determine
the “net” direction of the lone pair polarizations to under-
stand the origin and magnitude of the NCS properties.
We are assuming that the PO4 tetrahedra do not con-
tribute significantly toward the NCS properties, since the
tetrahedra although acentric are not polar as are d0

transition metal centered oxide octahedra and lone pair
polyhedra. For the two unique Te4þ cations, each TeO5

unit has a dipole moment pointing in the direction of the
lone pair, although the respective dipole moments do not
point directly in any crystallographic direction. While
the lone pairs onTe(1)4þ approximately point in [011] and
[0-11], those on Te(2)4þ point in approximate [01-1]
and [0-1-1] directions. However, when the all dipole
moments are summed, a small net moment is observed
pointing approximately in the [001] direction attributable
to the slight tilting of the polyhedra (see Figure 2c). It is
this small moment that is structurally responsible for the
SHG and piezoelectricity of Te2O(PO4)2. Our measure-
ments reveal the relatively weak SHG efficiency (50 �
R-SiO2) and piezoelectric response (∼20 pm V-1), which
is attributable to the lack of greater constructive addition
of the local dipole moments.
For visualization of the stereoactive lone pairs, the elec-

tron localization function (ELF) calculations71,72 were
performed using the pseudopotential method. Figure 6
showsELF visualizationwith η=0.9 for Te2O(PO4)2. As
anticipated, highly asymmetric lobelike isosurfaces are
found near the Te4þ that may be considered as a stereo-
active lone pair. As described earlier, the stereoactive lone
pairs are not aligned oppositely; thus, their local dipole
moments are not canceled out. In other words, the NCS
functional properties of Te2O(PO4)2 are dominantly de-
pendent on the distortion and polarization associated
with the Te4þ cations.
To better understand structure-property relationships

as well as the asymmetric coordination environment of

Figure 5. -COHP curves presenting Te-O (green solid line) and P-O
(purple) interactions for Te2O(PO4)2 calculated using the TB-LMTO-
ASA method. The vertical line indicates EF.

Figure 6. Electron localization function (ELF) isosurface (η = 0.9) of
Te2O(PO4)2 calculated using the pseudopotential method.
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Te4þ, we also calculated the local dipole moment for
Te2O(PO4)2. This approach has been described earlier
with respect to metal oxy-fluoride octahedra.73,74 We
recently reported the dipole moments for TeO5.

7 An
examination of 30 examples of TeO5 polyhedra revealed
that the dipolemoments range from 4.31 to 10.82D (D=
Debyes). Similarly, we found that the local dipole moments
for the twouniqueTeO5 polyhedra, Te(1)O5 andTe(2)O5 in
Te2O(PO4)2 are about 6.09 and 6.53 D, respectively.

Conclusion

We have successfully synthesized a new NCS tellurite
phosphate material, Te2O(PO4)2, through a standard solid-
state reaction. Te2O(PO4)2 has a novel three-dimensional
framework structure with Te2O9 dimers and PO4 tetrahedra.

Infrared andUV-vis diffuse reflectance spectroscopy, thermo-
gravimetric analysis, and electronic structure calculations have
been performed on the reported material. Powder SHG and
piezoelectricmeasurements showed that thematerial has aSHG
efficiency of 50 � R-SiO2 and d33 = 20 pm V-1, respectively.
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