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ABSTRACT: Both single crystals and pure bulk phases of three new
scandium selenium/tellurium oxides, Sc2(SeO3)2(SeO4), Sc2(TeO3)-
(SeO3)(SeO4), and Sc2(TeO3)3, have been synthesized through hydro-
thermal and solid-state reactions. X-ray diffractions were used to
determine the structures and confirm the phase purities of the reported
materials. Isostructural Sc2(SeO3)2(SeO4) and Sc2(TeO3)(SeO3)(SeO4)
reveal three-dimensional frameworks with ScO7 pentagonal bipyramids,
SeO3 (and TeO3) trigonal pyramids, and SeO4 tetrahedra. A novel
ternary scandium tellurite, Sc2(TeO3)3, also shows a three-dimensional
framework that is composed of ScO6 octahedra, ScO7-capped octahedra,
and TeO3 trigonal pyramids. All three materials accommodate local
asymmetric coordination moieties owing to the lone pairs on Se4+ and
Te4+ cations. The effect of coordination environments of constituent
cations on the frameworks, dimensionalities, and centricities of products
is discussed. Thorough characterizations including elemental analyses, infrared and UV−vis diffuse reflectance spectroscopies,
thermal analyses, and dipole moment calculations for the reported materials are reported. Crystal data: Sc2(SeO3)2(SeO4),
monoclinic, space group P21/c (No. 14), a = 6.5294(2) Å, b = 10.8557(4) Å, c = 12.6281(6) Å, β = 103.543(3)°, V = 870.21(6)
Å3, and Z = 4; Sc2(TeO3)(SeO3)(SeO4), monoclinic, space group P21/c (No. 14), a = 6.5345(12) Å, b = 10.970(2) Å, c =
12.559(2) Å, β = 102.699(10)°, V = 878.3(6) Å3, and Z = 4; Sc2(TeO3)3, monoclinic, space group P21/n (No. 14), a = 5.2345(3)
Å, b = 24.3958(15) Å, c = 6.8636(4) Å, β = 106.948(2)°, V = 838.42(9) Å3, and Z = 4.

■ INTRODUCTION
A large number of materials with macroscopic noncentrosym-
metric (NCS) crystal structures have been recently discovered
from mixed-metal oxides containing two families of cations
exhibiting local distorted coordination moieties, i.e., lone pair
cations and d0 transition metal elements.1−10 The main
distortive environments for both classes of cations are thought
to be the result of electronic second-order Jahn−Teller (SOJT)
effects.11−16 In addition, the asymmetric units and variable
coordination environments of the cations often result in rich
structural frameworks when they are carefully combined.17−26

Further structural variations would be also possible once the
SOJT cations are united with p elements or halides, in which
more flexible coordination capability or different tendency
toward preferable elements, respectively, play important roles in
completing a variety of framework architectures and
dimensionalities.27−31 In practice, selenium dioxide (SeO2)
and tellurium dioxide (TeO2) are often introduced in the
syntheses of new mixed-metal oxide materials with unsym-
metrical structural backbones due to their excellent reactivities
with other oxide reagents at lower reaction temperatures, great
solubilities, and flexible coordination environments.32−35 The
ideas led us to explore new mixed-metal oxides accommodating
Sc3+ and Se4+ (or Te4+). During the initial hydrothermal

reactions we were able to synthesize two mixed-valent selenite−
selenate compounds, Sc2(SeO3)2(SeO4) and Sc2(TeO3)-
(SeO3)(SeO4), through redox reactions. On the other hand,
solid-state reactions with similar starting materials resulted in a
novel three-dimensional ternary mixed-metal scandium tellur-
ite, Sc2(TeO3)3. Richer structural chemistry has been observed
from a variety of mixed-valent selenite−selenates, in which the
structural variations are originated from the combination of
SeO4 terahedra and SeO3 polyhedra in extended frame-
work s . 3 6− 4 1 A NCS se l en i t e− s e l ena t e such a s
Au2(SeO3)2(SeO4) has also exhibited significant second-
harmonic generation (SHG) efficiency attributable to the
enhanced polarization from the lone electron pair.42 Herein, we
report detailed syntheses, structure determinations, and
characterization of three new three-dimensional scandium
selenium/tellurium oxides. Close structural examinations
suggest that coordination environments of component cations
strongly influence overall framework geometries, dimension-
alities, and centricities. Thorough analyses including infrared
and UV−vis diffuse reflectance spectra, thermal analyses, and
dipole moment calculations will be presented.
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■ EXPERIMENTAL SECTION
Reagents. Sc(NO3)3·xH2O (Acros, 99.9%), Sc2O3 (Alfa Aesar,

99.4%), SeO2 (Aldrich, 98%), TeO2 (Alfa Aesar, 98%), and H2SeO4
(Aldrich, 98%) were used as received.
Synthesis. Sc2(SeO3)2(SeO4) and Sc2(TeO3)(SeO3)(SeO4) were

synthesized through hydrothermal reactions. For Sc2(SeO3)2(SeO4),
0.249 g (1.00 × 10−3 mol) of Sc(NO3)3·xH2O, 0.222 g (2.00 × 10−3

mol) of SeO2, and 2 mL of deionized water were combined. For
Sc2(TeO3)(SeO3)(SeO4), 0.249 g (1.00 × 10−3 mol) of Sc(NO3)3·
xH2O, 0.080 g (5.00 × 10−4 mol) of TeO2, 0.145 g (1.00 × 10−3 mol)
of H2SeO4, 0.1 mL of HNO3 (aq, 60 wt %), and 5 mL of deionized
water were combined. Each reaction mixture was transferred into
Teflon-lined Parr reactors. The reactors were sealed tightly and heated
to 230 °C for 4 days. After cooling at a rate of 6 °C h−1 to room
temperature, the autoclaves were opened and the reaction products
were filtered and washed with distilled water. Pure products containing
both colorless crystals and white polycrystalline materials were
obtained in 50% and 28% yields for Sc2(SeO3)2(SeO4) and
Sc2(TeO3)(SeO3)(SeO4), respectively, based on Sc(NO3)3·xH2O.
Crystals and bulk polycrystalline samples of Sc2Te3O9 were prepared
through standard solid-state reactions. Single crystals of Sc2(TeO3)3
were obtained by placing a mixture of a 0.138 g (1.00 × 10−3 mol)
portion of Sc2O3, 0.233 g (5.00 × 10−4 mol) of Bi2O3, and 0.958 g
(6.00 × 10−3 mol) of TeO2 into a fused silica tube that was evacuated
and subsequently sealed. The sealed tube containing reaction mixture
was heated at 780 °C for 24 h and cooled slowly to room temperature
at a rate of 6 °C h−1. Colorless block crystals of Sc2(TeO3)3 were
grown with some unknown amorphous phases. After determining the
crystal structure and exact stoichiometry, a pure bulk polycrystalline
Sc2(TeO3)3 was synthesized through a similar solid-state reaction. A
stoichiometric mixture of Sc2O3 and TeO2 was intimately ground and
pressed into a pellet. The pellet was put into a fused quartz tube that
was evacuated and sealed. The sealed tube was heated at 750 °C for 24
h and cooled to room temperature at a rate of 1 °C min−1. A pure
polycrystalline sample of Sc2Te3O9 was successfully obtained, which
was confirmed by powder X-ray diffraction.
Single-Crystal X-ray Diffraction. A standard crystallographic

method was used to determine the crystal structures of the reported
materials. A colorless block (0.025 × 0.038 × 0.042 mm3) for
Sc2(SeO3)2(SeO4), a colorless needle (0.011 × 0.012 × 0.075 mm3)
for Sc2(TeO3)(SeO3)(SeO4), and a colorless block (0.024 × 0.031 ×
0.051 mm3) for Sc2(TeO3)3 were used for single-crystal data analyses.
Diffraction data were obtained at room temperature using a Bruker
SMART BREEZE diffractometer equipped with a 1K CCD area
detector using graphite-monochromated Mo Kα radiation. A hemi-
sphere of data was collected using a narrow-frame method with an
exposure time of 10 s/frame and scan widths of 0.30° in omega. At the
end of data collection, the first 50 frames were remeasured in order to
monitor crystal and instrument stability. The maximum correction
applied to the intensities was less than 1%. The SAINT program was
used to integrate the diffraction data,43 in which the intensities were
corrected for air absorption, polarization, Lorentz factor, and
absorption attributed to the variation in the path length through the
detector faceplate. The SADABS program was used to make
absorption correction on the diffraction data.44 Data were solved
using SHELXS-9745 and refined with SHELXL-97.46 Displacement
parameters for all atoms were refined anisotropically and converged for
I > 2σ(I). All calculations were performed using the WinGX-98
crystallographic software package.47 Crystallographic data for
Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3 are
listed in Table 1. The slightly higher Rw(Fo

2) value for Sc2(TeO3)-
(SeO3)(SeO4) compared to other reported crystals may be attributable
to the weaker diffraction arising from the needle-like morphology.
Powder X-ray Diffraction. Powder X-ray diffraction data were

obtained on a Bruker D8-Advance diffractometer using Cu Kα
radiation at room temperature with 40 kV and 40 mA. The well-
ground polycrystalline samples were mounted on sample holders and
scanned in the 2θ range from 10° to 70° with a step size of 0.02° and a
step time of 0.2 s. Powder XRD patterns for the reported materials are

in good agreements with the calculated data from the single-crystal
model.

Vibrational Spectroscopy. Infrared spectra were recorded on a
Thermo Scientific Nicolet 6700 FT-IR spectrometer in the range of
400−4000 cm−1 with the samples embedded in KBr matrixes.

UV−vis Spectroscopy. UV−vis diffuse reflectance spectral data
were obtained at room temperature on a Varian Cary 500 scan UV−
vis−NIR spectrophotometer equipped with a double-beam photo-
multiplier tube in the range of 200−2500 nm at the Korea Photonics
Technology Institute. The Kubelka−Munk function was used to
convert the reflectance spectra to the absorbance data.48,49

Thermogravimetric Analysis. Thermal analyses were carried out
on a Setaram LABSYS thermogravimetric analyzer. Polycrystalline
samples were contained within alumina crucibles and heated from
room temperature to 1000 °C at a rate of 10 °C min−1 under flowing
argon.

Scanning Electron Microscope (SEM)/Energy-Dispersive
Analysis by X-ray (EDAX). SEM/EDAX analyses have been
performed using a Hitachi S-3400N/Horiba Energy EX-250 instru-
ments. EDAX for Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and
Sc2(TeO3)3 reveal Sc:Se, Sc:Te:Se, and Sc:Te ratios of approximately
2.0:3.1, 2.1:0.8:2.0, and 2.0:3.2, respectively.

■ RESULTS AND DISCUSSION
Syntheses. Both hydrothermal and solid-state reactions

were used to prepare new scandium selenium/tellurium oxides
materials. Sc2(SeO3)2(SeO4) and Sc2(TeO3)(SeO3)(SeO4)
were synthesized under hydrothermal reaction conditions.
While Sc2(SeO3)2(SeO4) was prepared through the oxidation
reaction of Se4+O2 in the presence of a nitrate, Sc(NO3)3·xH2O,
Sc2(TeO3)(SeO3)(SeO4) was obtained by reduction of
H2Se

6+O4 during hydrothermal reactions. A number of
mixed-valent selenite−selenate compounds have been synthe-
sized through similar redox reactions under hydrothermal
reaction conditions.39,50−53 However, no redox reactions
occurred during preparation of Sc2(TeO3)3, since the material
was prepared by a solid-state reaction in vacuum.

Structures. Sc2(SeO3)2(SeO4) and Sc2(TeO3)(SeO3)(SeO4).
Sc2(SeO3)2(SeO4) and Sc2(TeO3)(SeO3)(SeO4) are isostruc-
tural and crystallize in the centrosymmetric monoclinic space
group, P21/c (No. 14). Thus, only the structural details of
Sc2(SeO3)2(SeO4) will be described here. The structure of
Sc2(SeO3)2(SeO4) consists of ScO7 pentagonal bipyramids,
Se4+O3 trigonal pyramids, and Se

6+O4 tetrahedra (see Figure 1).

Table 1. Crystallographic Data for Sc2(SeO3)2(SeO4),
Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3

formula Sc2Se3O10 Sc2TeSe2O10 Sc2Te3O9

fw 486.80 535.44 616.72
space group P21/c (No. 14) P21/c (No. 14) P21/n (No. 14)
a (Å) 6.5294(2) 6.5345(12) 5.2345(3)
b (Å) 10.8557(4) 10.970(2) 24.3958(15)
c (Å) 12.6281(6) 12.559(2) 6.8636(4)
β (deg) 103.543(3) 102.699(10) 106.948(2)
V (Å3) 870.21(6) 878.3(3) 838.42(9)
Z 4 4 4
T (°C) 298.0(2) 298.0(2) 298.0(2)
λ (Å) 0.710 73 0.710 73 0.710 73
ρcalcd (g cm−3) 3.716 4.049 4.886
μ (mm−1) 14.146 13.128 11.876
R(F)a 0.0489 0.0587 0.0182
Rw(Fo

2)b 0.0628 0.1663 0.0362
aR(F) = Σ ∥Fo| − |Fc∥/Σ |Fo|.

bRw(Fo
2) = [Σw(Fo2 − Fc

2)2/
Σw(Fo2)2]1/2.
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Both unique Sc(1)3+ and Sc(2)3+ cations are connected to
seven oxygen atoms and exhibit distorted ScO7 pentagonal
bipyramidal geometry. While the Sc(1)3+ cations show seven
intermediate Sc(1)−O bond distances that are ranging from
2.034(7) to 2.267(6) Å, the Sc(2)3+ cations reveal six
intermediate bond lengths [2.074(8)−2.143(6) Å] and one
very long [2.567(7) and 2.817(15) Å for Sc2(TeO3)(SeO3)-
(SeO4)] Sc(2)−O bond length. Two unique Se4+ cations
containing stereochemically active lone pairs are found in
asymmetrically distorted SeO3 trigonal-pyramidal moieties.
Se4+−O bond distances range from 1.648(7) to 1.717(6) Å,
and O−Se4+−O bond angles range from 90.3(3)° to 104.6(3)°.
Finally, within an asymmetric unit, a unique Se6+ cation exists in
a slightly distorted Se6+O4 tetrahedral coordination environ-
ment. While the Se6+−O bond lengths range from 1.619(7) to
1.652(7) Å, the O−Se6+−O bond angles range from 107.1(3)°
to 113.7(4)°.
Sc(1)O7 and Sc(2)O7 pentagonal bipyramids share their

edges through O(1), O(3), O(4), and O(5) and form infinite
unidimensional chains along the [100] direction (see Figure
2a). Similar infinite chains consisting of edge-shared pentagonal
bipyramids have been previously reported from a uranyl oxide
fluoride and a scandium selenite materials.26,54 The chains are
then connected by Se4+O3 groups along [001] and [00−1]
through O(1), O(2), O(3), O(4), O(5), and O(6), which
generates a corrugated layer in the ab plane (see Figure 2b).
Here the asymmetric Se4+O3 groups act as interchain linkers. In
fact, the very long bond distance of Sc(2)−O(3) is attributable
to this connection of the Se(1)O3 linker maintaining the chain
structure. The lone pairs on the Se4+ direct approximately to
the [001] and [00−1] directions. The layers are further linked
by Se6+O4 tetrahedra through O(7), O(8), O(9), and O(10)
along the [001] direction, which creates a three-dimensional

Figure 1. ORTEP (50% probability ellipsoids) drawings representing
the coordination moieties of Sc3+, Se4+, and Se6+ in Sc2(SeO3)2(SeO4).

Figure 2. Ball-and-stick and polyhedral representations of (a) chains of
edge-shared ScO7 pentagonal bipyramids along the [100] direction,
(b) corrugated layers formed by connection of SeO3 groups in the ab
plane, and (c) a three-dimensional framework generated by linking of
SeO4 tetrahedra in the bc plane for Sc2(SeO3)2(SeO4) (blue, Se6+;
green, Se4+, dark yellow, Sc3+; red, O).

Figure 3. ORTEP (50% probability ellipsoids) drawings representing
the coordination moieties of Sc3+ and Te4+ in Sc2(TeO3)2.
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framework structure (see Figure 2c). The framework structure
of Sc2(SeO3)2(SeO4) may be represented as a neutral backbone
of {2[Sc3+O3/2O4/3]

−2.667 2[Se4+O1/2O2/3]
+1.667 [Se6+O4/2]

+2}0.
Bond valence sums55,56 for Sc3+, Se4+, Se6+, and O2− can be
calculated to be 3.06−3.09, 4.06−4.10, 6.06, and 1.93−2.13,
respectively.
Sc2(TeO3)3. Sc2(TeO3)3 is a new ternary scandium tellurite

that is crystallizing in the monoclinic space group P21/n (No.
14) with a three-dimensional framework consisting of ScO6,
ScO7, and TeO3 groups (see Figure 3). The Sc(1)

3+ cations are
in capped octahedral moieties with seven oxygen atoms,
whereas the Sc(2)3+ cations are in distorted octahedral
coordination environments with only six oxygen atoms. While
the Sc(1)3+ cations show six intermediate [2.053(3)−2.193(3)
Å] bond lengths and one very long [2.584(3) Å] Sc(1)−O
bond length, the Sc(2)3+ cations exhibit six normal Sc(2)−O
bonds that range from 2.033(3) to 2.246(3) Å. Also, within an
asymmetric unit three unique Te4+ cations exist and reveal
TeO3 trigonal pyramidal coordination environments. The
observed Te−O bond lengths and O−Te−O bond angles are
1.849(3)−1.905(2) Å and 86.12(13)−102.83(13)°, respec-
tively.
Each Sc(1)O7-capped octahedron shares its edges through

O(1) and O(4) and generates chains approximately along the
[100] direction (see Figure 4a). Also, Sc(2)O6 distorted
octahedra further share their edges with Sc(1)O7 polyhedra

through O(5) and O(6) approximately along the [010] and
[0−10] directions, which results in infinite zigzag bands along
the [100] direction (see Figure 4b). The bands are linked by
TeO3 groups, and a three-dimensional framework structure is
completed by the linkers (see Figure 4c). More specifically,
whereas the Te(1)O3 and Te(3)O3 groups serve as interband
linkers, the Te(2)O3 groups function as intraband linkers.
Similar to Sc2(SeO3)2(SeO4), the very long Sc(1)−O(5) bond
length is attributed to this linking of Te(2)O3 groups in order
to maintain the zigzag band. Within the framework, seven-
membered rings (7-MRs) channels composed of ScO6, ScO7,
and TeO3 are observed and the lone pairs on the Te4+ cations
point to inside the channels. The structure of Sc2(TeO3)3 is
a l so del ineated as a neutra l 3D framework of
{ [ S c ( 1 ) 3 +O 1 / 2O 6 / 3 ]

− 2 [ S c ( 2 ) 3 +O 4 / 2O 2 / 3 ]
− 2 . 3 3 3

[Te(1)4+O2/2O1/3]
+1.333 [Te(2)4+O3/3]

+2 [Te(3)4+O3/2]
+1}0 in

connectivity terms. Bond valence sums55,56 are calculated to be
2.91−2.97, 3.97−3.99, and 1.90−2.09 for Sc3+, Te4+, and O2−,
respectively.

Effect of Coordination Environments of Cations on
Framework Structures, Dimensionalities, and Centric-
ities. The isostructural Sc2(SeO3)2(SeO4) and Sc2(TeO3)-
(SeO3)(SeO4) are stoichiometrically similar to a couple of
known mixed-valent selenium oxides, Bi2(SeO3)2(SeO4)

57 and
Au2(SeO3)2(SeO4).

42 However, all of the selenite−selenate
materials exhibit completely different framework structures and

Figure 4. Ball-and-stick models of (a) infinite chains constructed by edge-shared Sc(1)O7-capped octahedra and Sc(2)O6 octahedra (a) along the
[100] direction, (b) infinite zigzag bands in the bc plane, and (c) a three-dimensional framework obtained by linking of TeO3 linkers in the bc plane
for Sc2(TeO3)2 (green, Te

4+, dark yellow, Sc3+; red, O). Note that seven-membered rings (7-MRs) channels consisting of ScO6, ScO7, and TeO3 are
observed within the framework, and the lone pairs on the Te4+ cations point toward inside the channels.
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dimensionalities. More close structural analyses suggest that the
coordination environments of constituent cations strongly
influence overall framework geometries. In Sc2(SeO3)2(SeO4)
and Sc2(TeO3)(SeO3)(SeO4), relatively smaller Sc3+ (0.745 Å)

cations58 reveal ScO7 distorted pentagonal bipyramidal
coordination moieties with seven oxygen atoms, which can
generate unidimensional chains of edge-shared ScO7 groups
(see Figure 5a). With Bi2(SeO3)2(SeO4), however, discrete
Bi2O10 dimers are obtained attributed to the larger cation size
of Bi3+ (1.17 Å)58 along with lone pairs (see Figure 5b).
Although all three materials have 3D frameworks through the
connections of SeO3 and SeO4 linkers, it is obvious that the
local coordination environment of constituent cations and their
orientation significantly effect on the extended frameworks.
Meanwhile, Au2(SeO3)2(SeO4) contains Au

3+ cation in a square
planar coordination moiety, which is a prototype structure for
d8 cations (see Figure 5c). Here, the electronically preferable
AuO4 square planar geometry and SeO3 connectors with lone
pairs direct a layered structure with a macroscopic NCS space
group.

Figure 5. Wire models representing how coordination environments
of constituent cations influence overall framework structures,
dimensionalities, and centricities. (a) Unidimensional chains of edge-
shared ScO7 groups, (b) discrete Bi2O10 dimers, and (c) electronically
preferable AuO4 square planar are observed from Sc2(SeO3)2(SeO4),
Bi2(SeO3)2(SeO4), and Au2(SeO3)2(SeO4), respectively.

Table 2. Infrared Vibrations (cm−1) for Sc2(SeO3)2(SeO4),
Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3

Sc−O Se4+−O or Te4+−O Se6+−O

Sc2(SeO3)2(SeO4)
428 528 412
486 543 894

686 925
740 968
806

Sc2(TeO3)(SeO3)(SeO4)
434 542 413
486 681 895

735 924
806 962

Sc2(TeO3)3
432 542
496 559

627
650
708
735
783
802
837

Figure 6. UV−vis diffuse reflectance spectra of Sc2(SeO3)2(SeO4),
Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3 revealing the absorption
edges at 4.4, 4.0, and 3.7 eV, respectively.

Figure 7. Thermogravimetric analyses diagrams of Sc2(SeO3)2(SeO4),
Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3. Upon heating,
Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3 are
thermally stable up to 600, 630, and 820 °C, respectively.

Table 3. Summary of the Dipole Moments for SeO3 and
TeO3 Polyhedra (D = Debyes)

compound species dipole moment (D)

Sc2(SeO3)2(SeO4) Se(1)O3 9.11
Se(2)O3 9.10

Sc2(TeO3)(SeO3)(SeO4) Te(1)O3 11.79
Se(1)O3 8.65

Sc2(TeO3)3 Te(1)O3 9.07
Te(2)O3 10.06
Te(3)O3 8.64

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501009c | Inorg. Chem. 2014, 53, 7040−70467044



Spectroscopic Characterizations. Infrared spectra for
Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3
reveal characteristic bands for Sc−O, Se−O, and Te−O
vibrations. Several bands occurring in the region of around
405−496 cm−1 can be assigned to the Sc−O vibration. The
peaks attributed to Se4+−O and/or Te4+−O vibrations are
observed at around 542−837 cm−1. The bands occurring
around 410 and 894−968 cm−1 can be assigned to Se6+−O
vibrations. The infrared vibrations and assignments for the
reported materials are summarized in Table 2. The assignments
are consistent with those previously reported compounds.59−62

The UV−vis diffuse reflectance spectra for all three reported
materials have been obtained, and the absorption (K/S) data
have been calculated from the following Kubelka−Munk
function48,49

= − =F R
R

R
K
S

( )
(1 )

2

2

where S is the scattering, K is the absorption, and R is the
reflectance. Extrapolations of the linear parts of the rising
curves to zero revealed dominant absorptions at 4.4, 4.0, and
3.7 eV for Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and
Sc2(TeO3)3, respectively, in the (K/S) versus E plots (see
Figure 6). The values are consistent with the white colors of the
materials. The assigned direct band gaps for the reported
materials may be due to the degree of Sc (3d) orbitals involved
in the conduction bands and the distortions arising from SeO3,
SeO4, or TeO3 polyhedra.
Thermal Analysis. In order to investigate the thermal

stabilities of the reported materials, thermogravimetric analyses
(TGA) have been performed (see Figure 7). TGA analyses
reveal that Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and
Sc2(TeO3)3 are stable up to 600, 630, and 820 °C, respectively,
upon heating. Above the temperatures, the materials thermally
decompose to mixtures of Sc2O3 (PDF-#741210) and some
unknown amorphous phases, which is identified by powder
XRD measurements. XRD patterns of thermally decomposed
products for all three materials are deposited in the Supporting
Information.
Dipole Moment Calculations. The reported materials

hold lone pair cations such as Se4+ and Te4+ within their
frameworks, although they all crystallize in centrosymmetric
space groups. Thus, it is worth understanding the asymmetric
coordination environments of the lone pair cations by
determining the local dipole moments of the polyhedra. The
direction and extent of the distortions in SeO3 and TeO3
groups can be quantified through the calculations. Using the
methodology published before,63−65 the local dipole moments
for SeO3 and TeO3 in Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)-
(SeO4), and Sc2(TeO3)3 are calculated to be about 8.65−9.11
and 8.64−11.79 D (D = Debyes), respectively. The calculated
dipole moments are consistent with those previously reported
values.10,29,66,67 Calculations of local dipole moments are listed
in Table 3.

■ CONCLUSIONS

Three new scandium selenium/tellurium oxides materials,
Sc2(SeO3)2(SeO4), Sc2(TeO3)(SeO3)(SeO4), and Sc2(TeO3)3,
have been successfully synthesized by hydrothermal and solid-
state reactions. Whereas redox reactions occurred during the
hydrothermal syntheses of Sc2(SeO3)2(SeO4) and Sc2(TeO3)-
(SeO3)(SeO4), the oxidation states of the starting materials for

the synthesis of Sc2(TeO3)3 remained the same during the
solid-state reaction in vacuum. Isostructural Sc2(SeO3)2(SeO4)
and Sc2(TeO3)(SeO3)(SeO4) exhibit three-dimensional frame-
works with ScO7 pentagonal bipyramids, Se4+O3 or Te4+O3
trigonal pyramids, and Se6+O4 tetrahedra. Another three-
dimensional ternary oxide, Sc2(TeO3)3, contains ScO6 octahe-
dra, ScO7-capped octahedra, and TeO3 trigonal pyramids. Rich
structural chemistry found in the new mixed-metal oxides
materials is mainly attributable to the coordination environ-
ments of constituent cations. Spectroscopic characterizations
including IR and UV−vis diffuse reflectance spectroscopies,
thermal analyses, and dipole moment calculations have been
also reported.
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