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Synthesis and Characterization of Se;Nb,O13: A New
Ternary Se**—Nb°"—Oxide with Monoselenite and
Diselenite Groups
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A new noncentrosymmetric ternary selenite, SesNb,Os3, has been synthesized from SeO,
and Nb,Os. Crystal data: Se;Nb,0;3, M, = 709.64, monoclinic, space group Pa (No. 7), a =
7.555(6) A, b = 6.637(8) A, c = 11.377(5) A, B = 109.23(3)°, V = 538.64(2) A3 (T = 200 K), Z
= 2, R(F) = 6.44%, Ry(F) = 7.12%. The compound consists of rows of corner-linked NbOg
octahedra that are also connected through monoselenite, SeOs, and diselenite, Se,Os, groups.

Introduction

The synthesis of inorganic compounds that produce
second-order nonlinear optical (NLO) responses, e.g.,
second-harmonic generation (SHG), in combination with
chemical and thermal stability, resistance to optical
damage, optical transparency, and ease in processing
remains vital in developing commercially viable NLO
materials.! Currently no single inorganic material
exhibits all of the above properties for every photonic
application (i.e., waveguiding, optical switching, and
frequency doubling). Presently mixed-metal oxides,
such as LiNbO3?2 KTiOPO, (KTP),® and KTP poly-
morphs* are the primary materials for SHG devices. The
large SHG responses observed for these materials are
thought to be due to the transition metal—oxygen
interactions.>8

A common feature of all SHG materials is noncen-
trosymmetry, that is, the material must crystallize in
a noncentrosymmetric space group.® To tune the final
structure and increase the probability of noncentrosym-
metry, as well as maximizing the polarizability in our
material, we were careful in selecting the constituent
cations. It seemed reasonable therefore to select cations
commonly found in asymmetric coordination. The
recently reported noncentrosymmetric quaternary sul-
fides, LasMgGe,S14 and LagMgSi»S14, incorporated tet-

rahedrally coordinated Ge** and Si** in order to break
the inversion symmetry.l® Other cations, specifically
15*, with nonbonded electron pairs have been discussed
by Bergman et al.,!* who determined for the series M103
(M = H, Li, Na, K, Rb, Cs, NHy4, or TI) a nearly 100%
incidence of noncentrosymmetry.

We chose to work with Se** and Nb®" in an attempt
to increase the possibility of noncentrosymmetry in our
material. The coordination environment of Se*' is
intrinsically noncentrosymmetric, with the cation in a
distorted tetrahedral environment bonded to three
oxygens with the fourth coordination site occupied by
the nonbonded electron pair (Figure 1).1213 The second
cation we selected, Nb5", is an octahedrally coordinated
d° transition metal for which intraoctahedral distortions
are often observed. These distortions are thought to be
attributable to the second-order Jahn—Teller effect, in
which the empty ds orbitals of the transition metal mix
with the filled pz orbital of 02614 We thought by
combining two cations found in noncentrosymmetric
coordination, the new material would also be noncen-
trosymmetric and exhibit SHG behavior.

With respect to the d° transition metal selenites only
SC(HSGOg)g,lS SezTi06,16 (VO)2(5603)3,17 CSVSGOs,lg
(NH4)2(MOO3)3SEO3,19 BaMoO3Se03,2° BaM0205(Se03)2,2°
Cs2(M003)3Se03,1° and K,;Se;Mo0g-3H,0?! have been
crystallographically characterized. Interestingly, except
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Figure 1. Stick representation of the distorted tetrahedral
Se*t coordination environment. The large oval represents the
nonbonded electron pair.

for (VO)2(Se03)3, BaMo003SeO3, and K;Se;MoOg-3H-0,
all of the above compounds are noncentrosymmetric,
suggesting our strategy was reasonable. As recently
reviewed,?? the commonly observed selenite groups
include SeO3, Se,05, and HSeOs. Materials that contain
a combination of selenite groups have been synthesized
but are fairly uncommon. In fact, only one other
compound, Au(Se03)2(Se20s),22 contains both the
monoselenite, SeO3, and diselenite, Se,Os, anions.

Here we report the synthesis and characterization of
a new noncentrosymmetric ternary selenite, Se4Nb,O13,
that contain SeOgs, Se;Os, and NbOg groups.

Experimental Section

Synthesis of Se4sNb,O;;. Caution: Use appropriate safety
measures to avoid toxic SeO, contamination. SesNb,O,3 was
synthesized by combining 1.1 x 1071 g (1 x 1072 mol) of SeO,
(Adrich, 99.9%) with 6.6 x 1072 g (2.5 x 10™* mol) of Nb,Os
(Aldrich, 99.9%) and adding the mixture into a fused quartz
tube. The tube was evacuated, sealed, heated in a furnace at
400 °C for 2 days, cooled at 6 °C h™* to 300 °C, and quenched
to room temperature. The tube was opened, and a small
irregular shaped faint pink crystal, suitable for single-crystal
X-ray diffraction, was extracted. Powder X-ray diffraction on
the remaining material resulted in good agreement with the
simulated powder pattern for SesNb;Og3.

Crystallography. The structure of Se4sNb,O1; was deter-
mined by standard crystallographic methods: A clear light
pink crystal was mounted on a thin glass fiber with paratone,
and low-temperature [200.0(5) K] data were collected on an
image-plate Enraf-Nonius DIP 2000 diffractometer using
graphite-monochromated Mo Ko radiation. Ninety frames at
2° steps yielded 7020 reflections (Omax = 26°) of which 1222
were unique and 769 were observed with | > 5¢(1). Indexing
was performed by using the program DENZO,?* and data
merging was done by using the program SCALEPACK.?*
Friedel pairs were not merged, and anomalous dispersion
terms were included during the refinements. A DIFABS%®
absorption correction was made as well as corrections for
Lorentz and polarization effects.?8

The crystal structure of SesNb,O;3 was solved in space group
Pa (No. 7) with initial heavy-atom positions, selenium and
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Figure 2. Polyhedral and ball-and-stick representation of Se,-
Nb;O13. The Nb% and Se** are shown as stippled octahedra
and large open circles, respectively.

niobium, located by direct methods by using SIR92.27 A
Chebyshev weighting scheme?® was applied during the refine-
ment. The oxygens were located by subsequent cycles of
refinements and Fourier difference maps. The final full-matrix
least-squares refinement was against F and included aniso-
tropic thermal parameters for Se and Nb and isotropic
parameters for oxygen. The final refinement was based on
769 reflections and 107 variable parameters and converged
with R(F) = 0.0644 and Ry(F) = 0.0715. The maximum and
minimum peaks on the final difference map corresponded to
—2.05 and +1.76 e /A3, respectively. A symmetry analysis of
the Se;sNb,0;3 by using the MISSYM?® program revealed no
missing symmetry. All crystallographic calculations were
performed using the Oxford CRYSTALS system? running on
a Silicon Graphics Indigo R4000 computer. Crystallographic
data, atomic coordinates and thermal parameters, and selected
bond distances for Se;Nb,O;3 are given in Tables 1—3, respec-
tively. Two major factors contributed to the relatively large
observed errors in the crystal structure. First, the crystal
selected for diffraction, the best of a series, had a high
mosaicity spread. Second, we were unable to adequately
correct the image-plate data for absorption.

Thermogravitimetric Analysis. TGA measurements on
SesNb,0;3 powder revealed one weight loss over a broad range
of ca. 350—500 °C, corresponding to a loss of 61.4%. Calculated
loss for complete SeO; elimination 62.5%. Powder XRD
showed the remaining powder to be Nb,Os.

Results

A representation of Se4Nb,O;3 is shown in Figure 2.
Each Nb5* is octahedrally coordinated to six oxygens
(see Table 2). Nb(1) is bonded to O(1), O(2), O(3), O(4),
0O(5), and a symmetry-equivalent O(5), whereas Nb(2)
is linked to O(6), O(7), O(8), O(9), O(10), and a sym-
metry-equivalent O(10). The bond distances range from
1.77(3) to 2.14(3) A for Nb(1), and 1.75(4) to 2.16(4) A
for Nb(2). The octahedra are corner linked through O(5)
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Table 1. Crystal Data and Structure Refinement for

Se4Nb2013
formula SesNb,013
fw 709.64
space group Pa (No. 7)
a (A)e 7.555(6)
b (A) 6.637(8)
c(A) 11.377(5)
f, deg 109.23(3)
V (A3) 538.64(2)
Pcalcd (9 Cm_l) 4.38
V4 2
T (K) 200.0(5)
u(em™1) 155
R(F) 0.064
Rw(F) 0.071
Flack enantiopole 0.5(1)P

a2 The cell constants were obtained from each recorded image
and constrained so that o = y = 90°. The unit cell constants are
mean values with the esds resulting from an analysis of the

measurement’s consistency. ? See text.

Table 2. Positional and Displacement Parameters for

SE4Nb2013

atom X y z U(eq) (A2)a
Nb(l) —0.3208(8) 0.9952(8)  0.0487(5)  0.0129(2)
Nb(2) —0.4391(8) 0.5094(8) —0.6025(5) 0.0153(2)°
Se(l) —0.0840(9) 0.4464(8)  0.0607(5)  0.0131(3)
Se(2) —0.1730(8) 0.9477(8)  0.3856(6)  0.0140(2)°
Se(3) —0.5467(8) 0.9304(6) —0.2768(5)  0.0161(2)
Se(4) —0.3901(9) 0.4845(7) —0.2897(6) 0.0178(2)
o@1)  —0.283(5)  0.988(6) 0.2293)  0.020(7)
0(2) —0.271(5)  0.286(5) 0.055(3)  0.014(8)
0o@3) 0.071(4)  0.288(4) 0.044(3)  0.003(6)
O(4)  —0445(5) 0.021(6) —0.135(3)  0.025(9)
o)  —0.095(4)  0.926(5) 0.053(3)  0.018(8)
0(6) 0.002(6)  0.491(6) 0.213(4)  0.028(8)
O(7) —0504(6) 0218(6) —0.624(4)  0.03(1)
O@B) —0.339(7) 0.788(7) —0594(4)  0.03(1)
0(9)  —0.320(4)  0.471(5) —0.418(3)  0.013(8)
O(10) —0.161(6)  0.424(7)  —0.594(4)  0.03(1)
O(11) -0.361(6) 0.758(7) —0.277(4)  0.031(8)
O(12) —0.206(5) 0.423(5) —0.184(3)  0.031(8)
O(13)  0.002(5)  0.889(5) 0.630(3)  0.024(7)

a U(eq) is defined as one-third of the trace of the orthogonalized
Ujj tensor. ® These atoms were refined anisotropically.

Table 3. Selected Bond Lengths (A) for Se4sNb,013

Nb(1)—0(1) 1.97(3) Se(1)—0(2) 1.73(4)
Nb(1)-0(2) 1.98(3) Se(1)—0(3) 1.64(3)
Nb(1)—0(3) 2.04(3) Se(1)—0(6) 1.67(4)
Nb(1)—0(4) 1.99(3) Se(2)—0(1) 1.72(4)
Nb(1)—O(5) 1.77(3) Se(2)—0(7) 1.74(4)
Nb(1)-O(5)* 2.14(3) Se(2)—0(8) 1.69(4)
Nb(2)—0(6) 1.99(4) Se(3)—0(4) 1.66(4)
Nb(2)—0(7) 2.01(4) Se(3)—0(11) 1.83(4)
Nb(2)—0(8) 1.99(4) Se(3)—0(13) 1.69(3)
Nb(2)—0(9) 2.01(3) Se(4)—0(9) 1.71(3)
Nb(2)—0(10) 2.16(4) Se(4)—0(11) 1.82(5)
Nb(2)—O(10)* 1.75(4) Se(4)—0(12) 1.56(4)

and O(10), in a Nb(1)—0(5)—Nb(1)—0(5) and Nb(2)—
0O(10)—Nb(2)—0(10) manner, to form rows parallel to
the x-axis. Both the Nb(1) and Nb(2) octahedra are also
connected through Se(1) and Se(2) selenite groups.
Se(1), which is bonded to O(2), O(3), and O(6), connects
the Nb(1) octahedra through O(2) and O(3) and bridges
the Nb(1) and Nb(2) octahedra through O(6). In a
similar manner Se(2), which is bonded to O(1), O(7), and
0O(8), connects the Nb(2) octahedra through O(7) and
O(8) and bridges Nb(1) and Nb(2) through O(1) (see
Figure 3). The bond distances of the selenites range
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Figure 3. Polyhedral representation of the Nb>" and Se**
interactions. The Nb(1) and Nb(2) octahedra are corner linked
as well as connected by the Se(1) and Se(2) selenite groups.
The filled circle on the selenium polyhedra represents the
nonbonded electron pair.
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Figure 4. Ball-and-stick representation of the diselenite,
Se,0s, moiety that links the rows of niobium octahedra.

from 1.64(3) to 1.73(4) A for Se(1) and 1.69(4) to 1.74(4)
A for Se(2).

The two remaining selenium atoms, Se(3) and Se(4),
form a diselenite group, Se,Os, that bridge the Nb(1)
and Nb(2) octahedra (see Figure 4). Se(3) and Se(4) are
in similar coordination environments, bonded to three
oxygens, two of which, O(4) and O(9), also link to Nb(1)
and Nb(2), respectively. O(11) bridges the selenium
atoms, whereas O(12) and O(13) are terminal oxygen
bonds. The bond distances for the diselenite range from
1.56(4) to 1.83(5) A. Consistent with other
diselenites,31733 the distance to the oxygen that bridges
the selenium atoms is longer than the other Se—0O
distances. For Se(3) and Se(4) the distances to the
bridging oxygen, O(11), are 1.83(4) and 1.82(5) A,
respectively. Bond valence?® calculations for SesNb,O;13
result in values of 5.22 and 5.23 for Nb(1) and Nb(2),
respectively, and 4.48, 4.03, 3.89, and 4.39 for Se(1),
Se(2), Se(3), and Se(4), respectively. The oxygen va-
lences range from 1.57 to 2.33.
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Discussion

As previously stated each Nb%* is octahedrally coor-
dinated, forming rows of corner-linked octahedra paral-
lel to the x-axis. In addition, the octahedra are also
connected through Se(1) and Se(2) selenite groups.
Thus each Nb®" octahedra is bonded to six, two-
coordinate oxygens, forming a [NbOg2] ~ anion, whereas
Se(1) and Se(2) are linked to three, two-coordinate
oxygens, forming a [SeOsp]* cation. The nonbonded
electron pairs for both Se(1) and Se(2) are staggered
throughout the structure (Figure 3). Along the x-axis,
the electron pairs alternate between the [0 1 0] and [0
—1 0] directions on adjacent selenium atoms.

An interesting feature of SesNb,O13 is the diselenite
group. For most of the known diselenites, a Se,Os group
is observed where four oxygens link to a second metal
and the fifth bridges the selenium atoms. With the
diselenite in Se;Nb,013, only two of the oxygens bridge
to niobium, with a third connecting Se(3) to Se(4). The
remaining two oxygens, one on each selenium, are
terminal. Se4sNb,013 is only the second example of a
mixed-metal selenite that contains both monoselenite,
SeO3, and diselenite, Se,Os, groups. The other example,
Auy(Se03)2(Se20s),28 includes a diselenite group with
identical coordination to SesNbyO;3.

We stated earlier that our motivation for selecting
Se**t and Nb>" was to synthesize a noncentrosymmetric
material. In this regard we have been successful, since
Se4sNb,O;3 crystallizes in the noncentrosymmetric space
group Pa. However, preliminary SHG tests on Ses-
Nb,O;3 powder were not encouraging. When the sample
was irradiated with 1064 nm light, no SHG was visible.
With this type of powder test green light (532 nm)
should have been produced. The question of why no
SHG was observed seems relevant.

Two separate reasons can be given for the null SHG
response, one structural and the other crystallographic.
The structural reason can be appreciated by examining
Figure 5, which shows the two rows of Nb>* octahedra.
Both Nb(1) and Nb(2) are axially intraoctahedrally
distorted, with the difference between the “short” and
“long” bond being 0.40 and 0.37 A, respectively. Com-
pared to LiNbO3,2 where the analogous difference is
0.223 A, suggests that SesNb,013 should have produced
a substantial SHG response. However, as seen in
Figure 5, the intraoctahedral distortions are aligned in
an antiparallel manner. Any SHG produced by one row
of niobium octahedra is “canceled” by the adjacent row.
The crystallographic explanation for the null SHG
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Figure 5. Ball-and-stick representation of the rows of the Nb-
(1) and Nb(2) corner linked octahedra, with the arrows
representing the direction of the distortions. Note the net
cancellation of the Nb—O distortions between the rows.

response is inferred from the value of the Flack enan-
tiopole,3 which refined to a value of 0.5(1).3¢ This value
suggests the crystal is twinned, specifically a merohe-
dral twin of class 1.37 Since for class I the twin operation
belongs to the same Laue group of the crystal, the
structural determination was not hindered, however,
with respect to the null SHG response, any SHG
produced by one “twin” if effectively canceled by the
other.
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