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Crystal Growth of Sr;NaNbQOg and SriNaTaQOg: New
Photoluminescent Oxides
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Single crystals of SrsNaNbOg and Sr;NaTaOg were grown out of high-temperature Sr(OH),/NaOH
melts contained in silver reaction vessels. Block- and rod-shaped crystals of Sr;NaNbOg and Sr;NaTaOg
were isolated from sealed silver tubes and open crucibles, respectively. The structures were determined
by single-crystal X-ray diffraction. Both Sr;NaNbOg and Sr;NaTaOg crystallize in the trigonal
(thombohedral) system, R-3c with a = 9.7853(12) A, ¢ = 11.606(3) A, V = 962.4(3) A*, Z = 6
(SrsNaNbOy), and a = 9.7867(4) A, ¢ = 11.6109(7) A, V = 963.10(8) A%, Z = 6, (Sr;NaTaOy). The
oxides are isostructural with the 2H-perovskite related K4CdClg structure type and consist of one-
dimensional chains containing face-sharing NbOg (TaOg) octahedra and NaOg trigonal prisms. These
chains in turn are separated from one another by infinite chains of strontium cations located in a distorted
square antiprismatic environment. Interestingly, depending on the exact synthetic conditions, either green
or brown crystals with distinct UV-visible spectra were obtained for both Sr;NaNbOg and SrzNaTaOe.
All crystals luminesce at room temperature with violet emissions upon excitation at 250 nm. To better
understand the luminescence of these oxides, we performed semiempirical calculations to ascertain the

nature of the excited state.

Introduction

Transition metal oxides with diverse compositions, such
as Sr3NiPtOs,' Sr3CulrOs,> Caz CugoRuOs,’ Ca3C0:0e,"
Sr¢Rhs0;5,° and Ba1.[(CuRh;—,)05],° form in the 2-H-
perovskite related structure and have been extensively studied
because of their variable compositions and interesting
magnetic properties. The structures of the oxides belonging
to this family are derived from the stacking of mixed [A309]
and [A3A'Og] layers along the ¢ axis.” Subsequent filling of
the interstitial octahedral sites with B cations results in a
structural formula As,+3,A":B3m+nOom+en, Where m/n is the
ratio between the number of [A;09] and [A3A'Og] 1ayers,7’8
The m = 0, n = 1 member of this family, A3;A'BO,
crystallizes in the K4CdClg structure type, represented by
Sr4PtOg, the prototypical member of this structural family
of oxides.’ Several compositional analogues of A3A’BOg have
been synthesized both as single crystals and as polycrystalline
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powders.'® A major breakthrough has been the application
of molten salt'® or flux techniques'' to grow single crystals.
Molten alkali carbonates, hydroxide, and chloride fluxes have
been employed successfully for the growth of single
crystals.'>™' Over the past decade, we have focused on the
preparation of single crystals via high temperature flux
growth and carbonate melts.'%'¢'®

The A3A'BOg (A = Ca, Sr, Ba; A’ = Li, Na) oxides
represent a smaller subgroup of this family, limited by the
number of metals that can take up the 5+ oxidation state. In
this context, CasNaBOg (B = Ir, Ru),'” Sr;A'RuQg (4’ = Li,
Na),?%2! Sr;A'IrOg (A’ = Li, Na),?>** BasNaBOs (B = Ir,
Ru),%* Sr:A'RhOg (A’ = Li, Na),'? Sr34'BiOg (A’ = Li, Na),?
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Ba;NaBiOg,>> and Sr;NaSbOg?° have been synthesized.
However, while there exist many examples of A3A'BOg
oxides containing late transition metals, the only reported
oxides of the A3;A'BOg¢ type containing an early transition
metal are Ba;NaNbOg and BasNaTaOg.>” Both of these
oxides were synthesized by the solid-state method at 1100
°C and were shown to exhibit photoluminescence at 4.2 K.?®
In our attempts to carry out early transition metal ion
substitution on the B site in the A3A'BQOg structure type, we
succeeded in growing crystals of Sr3NaNbOg and Sr;NaTaOg
by the molten hydroxide flux method at 700 °C using both
sealed silver tubes as well as open silver crucibles. Interest-
ingly, the change in the reaction vessel results in the
formation of isostructural materials of different colors. All
the oxides show violet emission upon excitation at 250 nm
at room temperature. To the best of our knowledge, these
are the first examples of oxides containing isolated NbOg
(TaOg) octahedra that exhibit photoluminescence at room
temperature.

Experimental Section

Materials. Nb,Os (Alfa Aesar, 99.5%), Ta,Os (Acros Organics,
99.5%), Sr(OH), (Alfa Aesar, 99.99%) and NaOH (Alfa Aesar,
99.5%) were used as received.

Crystal Growth. Single crystals of Sr3NaNbOg and Sr3NaTaOg
were grown from a Sr(OH),/NaOH flux. Green crystals of
Sr;NaNbOg and Sr;NaTaOg were grown in silver tubes. Nb,Os (1
mmol), Ta,Os (1 mmol), Sr(OH), (8 mmol) and NaOH (75 mmol)
were loaded in silver tubes that were flame-sealed at one end. The
open ends of the filled tubes were then crimped and folded twice
before the tubes were placed upright into a programmable furnace.
Brown crystals of SrsNaNbOg and SrsNaTaOgwere grown in silver
and alumina crucibles. Nb,Os and Ta;Os (0.5 mmol), Sr(OH), (8
mmol) and NaOH (75 mmol) were placed into silver crucibles and
covered loosely with silver lids. The filled silver tubes and crucibles
were heated to a reaction temperature of 700 at 600 °C/h. The silver
tubes and crucibles were held at 700 °C for 12 h, slowly cooled to
600 °C at 10 °C/h and then furnace cooled to room temperature.
The crystals in each case were separated from the flux by dissolving
the flux in water and subsequently isolated by vacuum filtration.
Phase-pure samples were obtained in case of the green crystals of
both SrsNaNbOg and SrsNaTaOg.

Powder X-ray Diffraction. Powder X-ray diffraction patterns
were collected on a Rigaku D/max 2100 powder diffractometer
using Cu Ko radiation. Green and brown crystals of SrsNaNbOg
and Sr;NaTaOg, isolated as described above, were crushed and
finely ground in an agate mortar. Powder diffraction patterns were
collected using these powders. Le Bail profile fits were performed
using JANA2000?° to confirm the purity of the powder samples in
each case. The unit-cell parameters of Ba;NaNbOg?” were used as
a starting model for the profile fit.

Scanning Electron Microscopy. Scanning electron micrographs
of the single crystals of the brown and green forms of Sr;NaNbOg
and Sr;NaTaOg4 were obtained using a FEI Quanta SEM instrument
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operated in the low vacuum mode. The crystal shapes and
morphologies of both forms of Sr;NaNbOg and Sr;NaTaOg are
shown in Figure 1. Energy-dispersive spectroscopy verified the
presence of Sr, Na, and the respective transition element (Nb and
Ta) and, within the detection limits of the instrument, confirmed
the absence of extraneous elements, such as silver and aluminum.

Single-Crystal X-ray Diffraction. Single-crystal data for the
green and brown crystals of Sr;NaNbOg and Sr;NaTaOg were
collected on a Bruker SMART APEX CCD based diffractometer
with a crystal-to-detector distance of 5.016 cm using monochro-
mated Mo Ko radiation. The data were collected in 4 sets of runs
covering a complete sphere of reciprocal space, each set with a
different ¢ angles (¢ = 0, 90, 180, and 0°); each frame covered
0.3° in . The data were integrated using SAINTPLUS?° and an
empirical absorption correction was applied in each case. The
structures were solved by direct methods with SHELXS973! and
refined using SHELXL97.%> Crystallographic data and details of
the single crystal data collection of the brown forms of Sr;NaNbOg
and SrsNaTaOg are given in Table 1. Further details of the crystal
structure investigations can be obtained from the Fachinformation-
szentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(fax: (49) 7247-808-666; e-mail: crystdata@fiz-karlsruhe.de) on
quoting the depository numbers CSD 418491-418494.

Optical Properties. The UV-visible diffuse reflectance spectra
of the green and brown forms of Sr;NaNbOg and Sr;NaTaOg were
obtained on a Shimadzu UV/vis NIR scanning spectrophotometer
equipped with an integration sphere. The diffuse reflectance spectra
were converted to absorbance spectra by the Kubelka—Munk method
using the Shimadzu software. Both the green and brown forms of
Sr3NaNbOg and SrsNaTaOg showed violet emission under a UV
hand-held lamp that predominately irradiated at 250 nm. Detailed
photoluminescence spectra were recorded on a UV-vis Fluorat-
02-Panorama spectrofluorometer at room temperature.

Calculations. Semiempirical PM6 calculations were performed
using MOPAC2007,* with periodic boundary conditions and
geometries obtained from the single crystal X-ray diffraction data
of SrsNaNbQOg and Sr;NaTaOg.

Results and Discussion

Crystal Structures of Sr;NaNbOs and Sri;NaTaOg.
Crystal growth of Sr;NalNbOg and Sr;NaTaOg was achieved
by the reactive hydroxide flux method using a combination
of Sr(OH),, NaOH and the respective transition metal
oxide, M,Os (M = Nb, Ta). Both Sr;NaNbOg and
SrsNaTaOs were found to be isostructural with the
K4CdClg structure type and crystallize in the trigonal
(rhombohedral) system R-3¢, with a = 9.7853(12) A, c
=11.606(3) A, V=1962.4(3) A>, Z= 6 and a = 9.7867(4)
A, ¢ = 11.6109(7) A, Vv = 963.1088) A% Z = 6,
respectively. The atomic positions of the Nb, Ta and Sr
atoms were obtained by direct methods. The Na and O
atoms were located by subsequent difference Fourier
synthesis. All atoms were refined with anisotropic dis-
placement parameters. Since Nb and Sr atoms have similar
X-ray scattering factors, bond valence sum calculations
were performed to help differentiate between them. The
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Figure 1. SEM pictures of the crystal morphologies of the green (a) Sr3NaNbOg and (b) Sr3NaTaOg and brown forms of (c) Sr3NaNbOg and (d) Sr3NaTaOe.

Table 1. Crystallographic Data of Sr3NaNbQOgs and Sr3NaTaOg

empirical formula Sr3;NaNbOg
cryst habit, color rod, light brown
cryst size (mm?) 0.2 x 0.1 x 0.05
cryst syst hexagonal

space group R-3¢

cell dimensions (;\/deg) a = 9.7853 (12), ¢ = 11.606 (3)
v (A% 962.4 (3)

fw 474.76

D, (g/cm?) 4915

zZ 6

F(000) 1284

scan mode w scan

Omax 35.72

recording reciprocal space
no. of measured reflns
no. of independent reflns

—15=h=14,-15<k=15 —-17=<1=<16
3052
469 with I > 30(I) [R(int) = 0.0443]

u (mm™') 26.584
refinement F?

no. of variables 19

R(F) 0.0264
WR(F?) 0.0726
GOF 1.185
max/min Ap (e/A%) 0.999/—2.21

SrsNaTaOg

rod, light brown

0.3 x 0.21 x 0.15

hexagonal

R-3c

a = 9.7867 (4), c = 11.6109 (7)
963.10 (8)

562.80

5.822

6

1476

 scan

35.83
—15=<h=<13,-15<k=13,-16 =1 =18
3226

497 with I > 30(I) [R(int) = 0.0323]
41.809

FZ

19

0.0277

0.067

1.38

1.431/—2.38

bond valence sums (Table 2) confirm the crystallographic
assignments of the atoms and their expected oxidation
states in the structure. A view of the crystal structure of
SrsNaBOg (B = Nb, Ta) along the b axis is shown in
Figure 2. The A3A'BOg structure contains infinite chains
of face-sharing A'Og (A" = Na) trigonal prisms and BOg
(B = Nb, Ta) octahedra. These chains are separated from
each other by intervening strontium cations that are located

in a distorted square antiprismatic coordination environ-
ment. The niobium and tantalum containing BOg octahedra
are isolated from one another, being separated from each
other by the NaOg trigonal prisms. An illustration of the
isolated (Nb/Ta)O¢ octahedra is shown in Figure 3.

The Sr—O distances in the SrOgs square antiprisms range
from 2.53 to 2.89 A, and are slightly shorter than the com-
parable the Ba-O distances of 2.70-2.98 A found in the
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Table 2. Selected Bond Distances of the Brown Forms of
Sr3NaNbOg and Srz;NaTaOg

bond distance in Sr;NaNbOy (A) Sr;NaTaOg (A)
Sr—0O(1)' x 2 2.5378(19) 2.531(2)
Sr—0(1)! x 2 2.6157(19) 2.625(3)
Sr—O(1) x 2 2.6265(19) 2.627(2)
Sr—O(1)Y x 2 2.881(2) 2.892(3)

BVS 1.908 1.898
Na—0(1) x 6 2.4031(18) 2.397(2)

BVS 1.308 1.326
Nb/Ta—O(1) x 6 2.0020(17) 2.000(3)

BVS 4.866 4.992

isostructural Ba;NaNbOg and Ba;NaTaOe.2” This difference
is consistent with the larger size of Ba** compared to Sr**.
The Sr—0 bond distances in Srs3NaNbOg and SrsNaTaOg are
similar to those found in the analogous ruthenate SrsNaRuOg
(2.57—2.75 A).2! The Na—O bond distances of ~2.40 A and
the Nb—O and Ta—O distances of ~2.0 A in Sr;NaNbOg
and Sr;NaTaOg are in good agreement with interatomic
distances found in analogous oxides.'**2

Crystal Morphologies and Color. The reactions were
initially carried out in sealed silver tubes and the thus
obtained single crystals were hexagonal in shape (images a
and b in Figure 1) and pale green in color. The reactions
were repeated in covered silver crucibles where, surprisingly,
the crystals grown in the crucible were rod shaped (images
c and d in Figure 1) and brown in color. To eliminate the
possibility of silver contamination, the reactions were also
carried out in alumina crucibles. The resultant crystals also
were brown rods, suggesting that the color is not due to
crucible material impurities, but potentially due to differences
in the types of crystal defects (color centers, Frenkel or
Schottky defects) present in the crystals. As the crystal
morphology varies as a function of the reaction vessels used
during the synthesis, it is possible that the growth morphol-
ogies influence the types and concentrations of crystal
defects. To rule out any unexpected impurities or variation
in bulk composition, several crystals of each color and
composition were analyzed using a EDS 4 point analysis.
No extraneous impurities were detected and all compositions
corresponded to SrsNaNbOg or SrsNaTaOe.

To investigate the role of defects in the optical behavior,
we heated powdered single crystals of Sr;NaNbOg and
Sr;NaTaOg to various temperatures, up to 900 °C, to check
if the defects could be annealed out of the structure. While
the color did disappear, additional diffraction lines appeared
in the powder X-ray diffraction pattern and the structure
changes entirely from A3A'BOs to the Ba;SrNb,O¢** type by
900 °C. The isostructural BasNaNbOg and Bas;NaTaOg
phases, which were synthesized from the respective alkali
and alkaline earth carbonates by the solid-state method, are
reported to be white in color.”” Hence we attempted the
syntheses of Sr;NaNbOg and Sr;NaTaOg via the solid state
method used for Ba;NaNbOg and BazNaTaOg, starting with
SrCO3, NayCOs, and the respective transition metal oxides
in alumina boats. We were unable to obtain the desired
product and instead obtained a product that appears to be
related to the Ba;SrNb,Oy structure.>* This suggests that the
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formation of SrsNaNbQOg and SrsNaTaOg can be achieved
only at low temperatures, such as in the flux environment at
700 °C, or perhaps by some as of yet unknown precursor
route.

UV-Visible Spectra and Photoluminescence. The diffuse
reflectance UV—visible absorbance spectra of SrsNaNbOg and
Sr;NaTaOg are shown in Figure 4. The measurements were
made using powder samples consisting of ground single
crystals. The absorption edges in case of both the green and
brown forms of SrsNaNbQOg and SrsNaTaOg are around 280
nm. There is an additional absorption peak at ~350 nm in
the case of the green forms, and at ~450 nm in the case
of the brown crystals. These additional peaks are consistent
with the observed colors of the powders. When illuminated
by a hand-held UV lamp (~250 nm) both the green and
brown forms of SrsNaNbQOg and Sr;NaTaOg exhibit blue/
violet colored emission. Figure 5 shows the colors of
powdered sample of the brown rods of Sr;NaTaOg in daylight
(Figure 5a) and under UV illumination (Figure 5b).

The excitation and emission spectra of the brown and green
forms of SrsNaNbOg and Sr;NaTaOg at 300 K are shown in
Figure 6. Using an excitation wavelength of 240 nm,
emission spectra with peaks centered at ~435 nm were
observed for the brown and green forms of SrzNaTaOs,
(Figure 6). The analogous data for the niobates using an
excitation wavelength of 278 nm are shown in the inset to
Figure 6, with emission peaks at ~425 nm. The luminescence
of the tantalate sample is noticeably stronger than the niobate
and, in the latter case, the emission of the green phase is
barely measurable. The observation of luminescence in these
samples is not entirely unexpected, since the barium ana-
logues, BazNaNbOg and BazNaTaOg exhibit strong lumines-
cence at 4.2 K which, however, is quenched at room
temperature.*®

Luminescence of highly charged transition metal ion
complexes such as titanates, niobates, tantalates, tungstates
and molybdates has been studied for decades.*>’ In these
compounds, typically, the emission was proposed to result
from a triplet-singlet transition,*® which was experimentally
verified by Barendswaard et al.*® There are other causes for
luminescence and factors such as anion deficiencies and
cation disorder can also give rise to luminescence.*’ Charge-
transfer vibronic excitons may also play an important role
in the luminescence mechanism.*'~** Semiempirical INDO
calculations® estimate that the energy of stabilization of
excited states due to lattice distortion caused by optical
excitation is on the order of 2.0-2.5 eV, yielding excitons
with calculated absorption energies close to experimentally
observed values. This suggests the viability of a semiem-
pirical approach to understanding the nature of the excited
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Figure 2. Crystal Structure of Sr3NaBOg (B = Nb, Ta) along the b axis.

A

Figure 3. Illustration of the isolated (Nb/Ta)Os octahedra in the AzA'BOg
structure.

states in perovskites. Delocalization of the excited state is
yet another factor that affects luminescence, for example in
LiNbO;, NaNbO; and KNbO;.** Structures that exhibit three-
dimensional coupling of the d” metal ion polyhedra through
corner sharing and/or edge sharing (CdNb,Og and CaTa,;Og)
show luminescence owing to delocalization of the excited
state.*® On the other hand, scheelites such as CaMoQ,,>°
consisting of isolated MoOQ, tetrahedra, have also been
observed to exhibit luminescence. The (Nb/Ta)Og octahedra
are isolated in SrsNaNbQOg and Sr;NaTaOg, hence semiem-
pirical calculations were performed to ascertain the nature

(44) Wiegel, M.; Emond, M. H. J.; Stobbe, E. R.; Blasse, G. J. Phys. Chem.
Solids 1994, 55, 773.
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Figure 4. UV-visible absorbance spectra of the brown and green forms of
Sr3sNaNbOg and SrzNaTaOg.

of the excited state. For these compositions, the HOMO is
localized on oxygen 2p states, and the LUMO is shared
between the s-orbital of the transition metal (Nb or Ta), and
the s-orbital of strontium. The PM6 model gives HOMO-
LUMO gaps of about 7 eV for the niobate compounds, and
6 eV for the tantalate compounds. The observed band gaps
calculated from UV-visible spectra are in the range 4.39-4.41
eV. It is well-known that orbital energy differences strongly
overestimate actual excitation energies, and either Config-
uration Interaction or time dependent treatment are needed
to model the energetics of the electronic excitations. Lattice
distortions may also reduce the excitation energies
significantly.*'**> Nevertheless, the orbital energies provide
a useful qualitative description. In our calculations the energy
gap between the LUMO and the LUMO+1 is about 0.8 eV,
which is much larger than energy gaps between other virtual
(0.0 to 0.15 eV) or occupied orbitals. This suggests that
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Figure 5. Powdered brown crystals of SrsNaTaOg (a) before and (b) after illumination at 250 nm.
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Figure 6. Photoluminescence spectra of the (a) green and (b) brown forms
of Sr3NaNbOg and Sr;NaTaOg.
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Figure 7. Simplified illustration of the likely process of photoluminescence
in Sr;NaNbOg and SrzNaTaOg.

optically excited electrons are localized at the LUMO and
do not easily migrate to nonradiative quenching sites.

A simplified illustration of the likely process of photolu-
minescence in Sr3NaNbOg and SrsNaTaOg is shown in Figure
7. Upon an excitation wavelength of 250 nm, an electron is
promoted from the valence band or HOMO (comprising of
O 2p orbitals) to the conduction band or LUMO. The
separation of energy states in the conduction band being
higher in energy, (0.8 eV), there is a nonradiative transfer
from the LUMO+1 energy state to an intermediate low lying
LUMO state which consists of Sr 4s and Nb 4sorbitals in

Sr;NaNbOg and Sr 4s and Ta 5s orbitals in SrsNaTaOg. A
radiative transfer from this intermediate state to the valence
band gives rise to violet emission.

The shared population of the LUMO on the transition
metal and the strontium cation points to the importance of
the interaction between the transition metal and the strontium
cation in the luminescence of these compounds. We have
attempted to use DFT with local density approximation
(LDA) to verify the band structure, but the calculation proved
to be beyond our computational capabilities due to the large
unit cell size.

We hypothesize that the color observed in these d°
transition metal containing oxides, Sr;3NaNbOg and Sr;Na-
TaOsg, is due to a combined effect of the presence of optically
active defects and luminescence at room temperature. It is
possible that the growth of different morphologies and color
of the same material under different reaction vessels implies
a variation in the concentration of the defects.

Conclusion

Single crystals of early transition metal analogues of the
A3A'BOg structural type, SrsNaNbOg and SrsNaTaOg, were
grown out of molten hydroxide fluxes. The growth process
influenced the crystal color, where crystal growth reactions
carried out in sealed silver tubes and silver crucibles resulted
in green hexagonal shaped crystals and brown rod-shaped
crystals, respectively. The green and the brown crystals have
the same crystal structure, but differ in their optical proper-
ties. The color variations are attributed to a combined effect
of the differences in crystal defects and morphologies owing
to different crystal growth processes occurring in different
vessels. Both SrsNaNbOg and Sr;NaTaOgwere found to
luminescence at room temperature. The photoluminescence
at room temperature is ascribed to be due to mixing of the
s orbitals of the transition metal and the strontium cation.
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