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ABSTRACT: Single crystals of three new compounds,
Nag 36510.5,Ge,Oy (1, proposed composition), Na,SrGe,Oy, (2),
and K,SrGegO5 (3), were obtained and characterized using single-
crystal X-ray diffraction. Their structures contain three-dimensional
(3D) anionic frameworks built from GeO, and GeOy polyhedra.
The presence of octahedral Ge*" sites makes the new phases
suitable for Mn*' substitution to obtain red-emitting phosphors
with a potential application for light conversion. Photolumines-
cence properties of Mn*'-substituted Na,SrGes,O;, (2) and
K,SrGegO, (3) samples were studied over a range of temper-
atures, and red light photoluminescence associated with the

Sample under UV light

K2SrGegxO1g:xMn4*

electronic transitions of tetravalent manganese was observed. The Na,SrGe,0,, (2) phase was also substituted with Pr’* on the
mixed Na—Sr site similar to the previously studied Na,CaGe4O,,:Pr’*. The red emission peak of the Pr’* activator occurs at a
shorter wavelength (610 nm) compared to that of Mn** (662—663 nm). Additionally, second harmonic generation (SHG) data
were collected for the noncentrosymmetric Na,SrGe,O,, (2) phase, indicating weak SHG activity. Diffuse reflectance spectroscopy
and density of states calculations were performed to estimate the band gap values for pristine Na,SrGe;O,4 (2) and K,SrGegO5 (3)

phases.

1. INTRODUCTION

New compounds featuring unique germanate frameworks in
their structures exhibit important physical properties. ~* More
specifically, germanates with simultaneous tetrahedral and
octahedral coordination of Ge*" are of interest both from the
fundamental and practical aspects. These compounds can be
used to mimic some high-pressure silicates, in which silicon
atoms can adopt an octahedral coordination as well.” From the
application perspective, the octahedrally coordinated Ge*" sites
are attractive due to their potential phosphorescence upon the
transition metal substitution®™"® and nonlinear optical'* and
piezoelectric properties.'® In particular, the similar size'® and
oxidation state of Mn* and Ge** enable the substitution of the
octahedral Ge*" sites with Mn*, often yielding red-emitting
phosphors,”~'"'” which can be suitable for phosphor-
converted light-emitting diode (LED) devices."®*™*° There
are several advantages of Mn*, such as strong absorption in
the ultraviolet (UV)—blue region, an intense emission band in
the red region of the visible spectrum, and in the case of the
oxides, relatively simple preparation.””'"'” The known draw-
backs of Mn*" phosphors are thermal and concentration
quenching of luminescence.”'® The latter, however, can be
employed for thermal sensing applications.” ~**

Substituting in the germanate phases is not limited to Mn*"
since the larger cationic sites can accommodate lantha-
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24726 or Bi**.”’ For example, langasite’®-type

Na,CaGegO,, shows thermal-sensitizing phosphorescence
when doped with Pt Noncentrosymmetric Na,CaGesO,,
which crystallizes with the P321 space group, is also interesting
due to its piezoelectric properties.'> Nonlinear optical
properties of the related phase, Na,SrGes,O,,, were also
investigated'* but no structural data have been deposited in
the inorganic crystal structure database (ICSD).”

Among germanate-based Mn*" phosphors, tetragermanates
containing alkali (R,Ge,O,, R = Li—Rb) and the alkaline-earth
(RGe,Oy, R = Sr, Ba) metals are well studied both
structurally*®~** and optically.’"*"'"'* The anionic frameworks
of these tetragermanates are built from GeO, and GeOgq
polyhedra. Despite the same stoichiometry of these anionic
frameworks, the structures of R,Ge,Oy (n = 1 or 2)
compounds are different. For example, the compounds in the
Na—Rb series are trigonal and centrosymmetric (P3cl space
group), whereas Sr and Ba phases are noncentrosymmetric
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Table 1. Selected Crystallographic Data and Refinement Results for 1—3

compound 1
formula Nag 36510.5:GesOy”
formula weight 514.47
crystal system trigonal
space group R32
a (A) 11.3584(13)
¢ (&) 4.6701(15)
flack parameter 0.01(2)
volume (A%) 521.8(2)

Z 3

Peeg (cm®) 4.946

u (mm™) 24.730

F(000) 705

20 range (°) 7.18—69.64

index ranges -14<h<15,
18 <k < 18,
-7<1<3

reflections collected 1922

data/restraints/parameters 507/0/30

GOOF 1.073

R, (I > 26 (D) 0.0160

largest diff. peak/hole (e/A%) 0.54/-0.96

2 3
Na,SrGesO,, K,SrGegO ¢
793.12 1034.54
P321 P3cl
8.2322(12) 11.5937(16)
4.8677(10) 19.225(4)
—0.054(19)

285.68(8) 2237.9(6)

1 6

4.610 4.606

20.361 20.088

364 2856
5.72—69.66 5.87—69.88
-13<h <13, -18 < h <18,
-13 <k <13, -18 <k <13,
-7<1<7 -30<1<30
5196 25219
846/0/38 3273/0/134
1.203 1.044

0.0194 0.0653
0.88/—-0.68 3.01/-2.40

“Electron density from the experiment was ~5.86 e (or 0.154 of the Sr atom). If x is the Na occupancy and y is the Sr occupancy, then 11x + 38y =
5.86. The total charge from Na and Sr is +2 to balance Ge,O,>". Considering the symmetry of the structure, the total charge on the mixed Na*/Sr**
site should be +1/3. Thus, x + 2y = 1/3. From these two equations, x and y were found to be ~0.060 and ~0.137, respectively, giving the

Nay 34519 3,Ge, Oy formula.

(P321 space group). In contrast, the Li phase exhibits a lower
symmetry, crystallizing with the acentric orthorhombic space
group P2; ca.’* Such variations are associated with different
radii and charges of R* and R®' cations. Interestingly,
Na,Ge,O, forms a metastable phase, while the lack of the
reliable structural data on R = Mg and Ca tetragermantates
may indicate their lower thermodynamic stability as compared
to the other phases.*”

In this report, we describe the synthesis, structure, and
optical properties of three new compounds based on
germanate frameworks: tetragermanate Na;4Sr)4,Ge,Oy (1),
langasite-type Na,SrGesO,, (2), and octagermanate
K,SrGeyOy¢ (3), isostructural to K,BaGegO,3°° The new
phases were successfully doped with Mn** (phases 2 and 3)
and Pr** (phase 2) to explore their photoluminescence
properties. As Na,SrGesO;, (2) crystallizes in a non-
centrosymmetric space group, its second harmonic generation
(SHG) response was measured.

2. EXPERIMENTAL SECTION

Powders of GeO, (99.999 wt %), KHCO; (99 wt %), NaCl (99 wt
%), Na,CO; (99.5 wt %), SrCl, (99 wt %), SrCO; (99 wt %) MnCO,
(99.9 wt %), Mn(CH;COO),-4H,0 (99.999 wt %), and Pr,O,; (99.9
wt %) were used as received.

2.1. Synthesis of the New Phases as Single Crystals. The
reagents in the calculated ratios were thoroughly ground in an agate
mortar and pressed into pellets. The pellets were placed into a
platinum crucible and thermally treated as described below. Note that
the use of alumina or silica reaction vessels results in Al or Si
admixtures on the Ge sites; thus, the use of platinum crucibles in
these reactions was essential to obtain pure Ge phases.

Nag365105,Ge,Oy (1) crystals were obtained while targeting
Na,,Sr,_,Ge,Oy phases. When carbonate precursors were used during
the synthesis instead of chloride precursors, Na,SrGeO,, (2) crystals
were obtained. The attempts to obtain the hypothetical K,SrGe,O,,
phase yielded the octagermanate phase, K,SrGegO;5 (3). The
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synthetic conditions and molar ratios shown below yielded single
crystals of the new phases suitable for single-crystal X-ray diffraction
(yet not the target phases).

Nay 36S105,Ge;Oo (1) crystals were obtained in a reaction between
NaCl (0.0094 g), SrCl, (0.0383 g), and GeO, (0.1348 g) in a
0.50:0.75:4.0 molar ratio. A pellet of the starting materials was heated
to 1050 °C at a rate of 200 °C/h and dwelled at this temperature for
18 h, after which the furnace was cooled to 700 °C at a rate of 6 °C/h
and switched off.

Single crystals of Na,SrGesO;, (2) were obtained by reacting
Na,CO; (0.0492 g) with SrCO; (0.0086 g) and GeO, (0.1214 g) in a
1.6:0.20:4.0 molar ratio. The sample pellet was heated to 1050 °C at a
rate of 200 °C/h and dwelled for 2 h at this temperature. The reaction
was cooled to 900 °C at a rate of 100 °C/h and then to 800 °C at 10
°C/h rate. Further cooling to room temperature was done by
switching off the furnace.

Single crystals of K,SrGegO,s (3) were obtained in a reaction
between KHCO; (0.0392 g), SrCO; (0.0289 g), and GeO, (0.1228
g) in a 2:1:6 molar ratio. The sample pellet was heated to 1050 °C at
a rate of 200 °C/h. After 2 h, the furnace was cooled down to 950 °C
at a rate of S0 °C/h and then to 850 °C at 10 °C/h rate. Further
cooling to room temperature was done by switching off the furnace.

2.2. Single-Crystal X-ray Diffraction. The single crystals of 1-3
that were suitable for X-ray diffraction (XRD) were picked manually.
The experimental data for 1—3 were collected at room temperature
on an STOE IPDS II diffractometer (Mo Ka radiation) equipped
with an image-plate type detector. The numerical absorption
correction was performed by optimizing the crystal shape against
equivalent reflections with X-Shape software.”® The initial structure
solution was done with SHELXT® software and refined using
SHELXL software by full-matrix least-squares refinements.”® The
solution and refinement programs were run via the OLEX2
interface.’® The crystallographic data and refinement results are
summarized in Table 1. Compositions of the single crystals were
determined based on the single-crystal diffraction. In
Nag 36Sr05,Ge4Oy (1), the composition of the mixed Na/Sr site was
determined based on the two constraints: (1) the density of the Na/
Sr site equals the refined electron density and (2) the charge of the

https://doi.org/10.1021/acs.inorgchem.2c01364
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Figure 1. View of the Nag3¢Sr3,Ge,O, (1) structure fragment along the ¢ direction. Hereinafter, GeOg octahedra are green, GeO, tetrahedra are
cyan, and oxygen atoms are red. Na* and Sr** cations are gray (with [J representing the deficiency).

Na/Sr site balances the charge of the Ge,O,*” framework (more
details are in the footnote of Table 1).

2.3. Synthesis of the New Germanate Phosphors by the
Solid-State Reaction. Na,SrGe_,O,;:xMn*" (2) samples were
prepared through a solid-state reaction between Na,CO; SrCOj;,
GeO,, and MnCO; in a 2:1:(6—x):x ratio, where x = 0.002, 0.008,
and 0.016. The reagents were ground, pressed into a pellet, and
annealed at 950 °C for 12 h. The Na,Sr;_,Ges0,,:4Pr** sample was
prepared in a similar way with a molar ratio of 2:0.994:6:0.001 for
Na,CO;, SrCO;, GeO,, and PryO,), respectively. Note that a 4:1
Na:Sr molar ratio was initially proposed for the solid-state synthesis of
Na,SrGes0y, (i-e., two times Na excess based on the stoichiometry)
because the exact 1:1 ratio resulted in the formation of the significant
amount of the SrGe,Oo phase. We found, however, that the purest
Na,SrGesO, product can be obtained with a slight excess of sodium
(Na,CO,;/SrCO; = 1.2:1).

Samples of K,SrGeg_,O;g:xMn*" were synthesized by solid-state
reactions between SrCO; KHCO; GeO,, MnCO; or Mn-
(CH,3C00),-4H,0 in a 2:1:(8—x):x ratio, where x = 0.003, 0.00S,
0.016, and 0.032. The mixtures were ground, pressed into a pellet, and
annealed at 950 °C for 8 h. Second annealing for another 8 h at 950
°C was done for each sample after regrinding and pressing it into a
pellet. To avoid the formation of side products, such as SrGe,O,, a
very thorough grinding is required before each annealing.
Alternatively, the K,SrGegO,4 phase can be prepared by the solid-
state reaction between K,Ge,Oy and SrGe,Oy in a 1:1 molar ratio.
This route is much slower and takes 3 to 4 annealing steps for every
24 h.

The powder X-ray diffraction data of Na,SrGe,O,, (2) and
K,SrGegO;g (3) prepared via the solid-state route were collected on a
PANalytical X’Pert PRO diffractometer equipped with a germanium
monochromator (Cu Ka; radiation) in the 20—80° 20 range. The
Rietveld refinement® results are provided in the Supporting
Information (Figures SI and S2).

2.4. Photoluminescence Measurements. Absorption and
emission spectra of the prepared Na,SrGesO;, (2)- and
K,SrGegO,5 (3)-based phosphors were collected on an Agilent Cary
Eclipse fluorescence spectrophotometer at room temperature.

For the temperature-dependent photoluminescence measurements,
polycrystalline samples of Na,SrGesO,,:Mn*" and K,SrGegOg:Mn**
were combined with an optically transparent resin (United Adhesives)
and deposited onto a quartz slide (Chemglass). Temperature-
dependent emission spectra from 80 to 500 K were obtained using
a Janis cryostat (VPF-100) and a PTI fluorescence spectrophotometer
with a 75 W xenon arc lamp for excitation.

2.5. Second Harmonic Generation (SHG) Measurements.
SHG measurements were performed on powders using a pulsed
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
(Quantel Ultra S0) with a wavelength of 1064 nm. Ground crystalline
a-Si0, was used as a reference SHG material. For Na,SrGesO,,, the
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SHG intensity is roughly 0.9 of @-SiO,. The sample was slightly
impure. The impurity phase was SrGe,O, (<1 wt %), which is also
noncentrosymmetric. A pure sample of SrGe,O, was obtained, and its
activity was measured for comparison. The SHG activity of the
SrGe,Oy phase was found to be much lower than that of Na,SrGe,O 1,
(04 of a-SiO,) and thus should not significantly impact the
Na,SrGesO,, SHG measurement.

2.6. Band Gap Calculations and Experimental Measure-
ment. UV—visible reflectance data were collected on a Varian Cary
5000 scan UV—vis—near-infrared (NIR) spectrophotometer over the
200—2000 nm spectral range at room temperature. Poly-
(tetrafluoroethylene) was used as a reference material. The reflectance
spectrum was converted to absorbance using the Kubelka—Munk
function.*"*

First principles calculations were performed using density func-
tional theory (DFT) with a Vienna Ab initio Simulation Package
(VASP) plane-wave code,”** generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE),* and projector augmented
wave (PAW) method.***” The Na, K, Sr, Ge, and O valence electron
configurations considered for the construction of PAW potentials
were 2p®3s’, 3s23p%4s’, 45%4p®5s?, 45*3d'%4p?, and 2s72p*, respectively.
To eliminate partial occupancy on the Sr/Na site in Na,SrGe4O,,, the
symmetry of the structure was lowered to triclinic and 2 of 3 equiv
sites were assigned to Na. Spin-polarized calculations were performed
with 520 eV cutoff energy for the plane-wave basis set, 10~ eV energy
convergence criteria, and 5 X 5 X 7 and 3 X 3 X 2 k-point meshes for
Na,SrGesO 4 and K,SrGegO 5. The ground-state geometries at 0 K
were optimized by relaxing the cell volume, atomic positions, and cell
symmetry until the maximum force on each atom is less than 0.001
eV/A.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. 3.1.1. Phase (1): Nay 355ry,Ge,Oq
or y-SrGe,O,. The structure solution and refinement of
Nag 345r05:Ge,Og were performed with the R32 space group.
As we mentioned above, the electron density on the 9e
Wyckoff position where the cations reside would be insufficient
for a fully occupied Sr position. Additionally, the fully occupied
Sr position would lead to a structure that is not charge
balanced. Thus, the mixed Na—Sr site was accepted as a
possible reason for the presence of the electron-density-
deficient position.

There are two crystallographic Ge sites in the structure of
this rhombohedral tetragermanate, octahedral Gel (3b Wyck-
off position), and tetrahedrally coordinated Ge2 (9d). The
Ge—O0 bond lengths are 1.891(3) A for the six symmetrically
equivalent Gel—O bonds and 1.738(3)—1.758(2) A for the
Ge2—O bonds, which are in good agreement with the

https://doi.org/10.1021/acs.inorgchem.2c01364
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Figure 2. Comparison between GeO, (n = 4 and 6) polyhedra connectivity in Nag3¢5r,,4,Ge4O, (1) and SrGe,0,.°"! Oxygen atoms are omitted.

x5,

layers of GeOs tetrahedra

NaxSrGesO14 (2) structure

Figure 3. GeO, polyhedra connectivity in Na,SrGeOy, (2) and a fragment of the Na,SrGesO,, (2) structure in two projections.

previously reported values.*® The corner-sharing GeO,
tetrahedra form infinite helical chains running along the ¢
direction (Figure 1). These chains are linked into an infinite
framework by the GeOg octahedra. Na and Sr cations share the
same 9e site and occupy the channels within the anionic
germanate framework.

In comparison to the previously reported tetragermanates,
SrGe,0,°" and Na,Ge,O,,>* the Nag1Sry5,Ge,O (1)
structure containing mixed Na—Sr positions demonstrates
new features. First, Nay;4Sr)4,Ge Oy crystallizes with a
rhombohedral unit cell, while the pure Na and pure Sr phases
crystallize with primitive trigonal ones. Another feature of
Nag 36510.5,Ge,Oy (1) is the cationic deficiency on the Na/Sr
site, which is only 39% occupied by the cations. Thus, the
chemical formula for 1 can also be written as
Nayg 3651 82 11.8:Ge4Og, with [] representing the deficiency.

When compared to SrGe,;Op'® Nag 36510 5,Ges0y (1) has
nearly the same unit cell dimensions but there is a significant
topological difference between the two structures. As
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illustrated in Figure 2, the GeO, tetrahedra in SrGe,O, form
isolated rings that are stacked along the ¢ direction and
connected to each other through GeO4 octahedra. In
Nag36Sr05,Ge,Oy (1), the rings open, and two terminal
GeO, units shift along the stacking direction, connecting to
the adjacent units to form infinite helical chains (Figure 2).
These chains and rings are further connected by GeOg
octahedra. The topological analysis of the GeO, polyhedra
connectivity in 1 performed with ToposPro*” software did not
reveal any matches within the topological database. On the
contrary, the germanate framework in SrGe,O,”" resembles the
titanate—silicate one in the naturally occurring BaTiSi;O,
compound50 (a rare mineral benitoite). Thus, the cationic
vacancies and the rare connectivity type of the germanate
framework in the Na, 3451 5,Ge; O, (1) phase establish that the
phase formation cannot be described as a simple Na/Sr
admixture in the SrGe,O, structure.’’

An alternative structure solution for phase 1 should be
mentioned. The literature reports the y-PbGe,Oy phase, a lead

https://doi.org/10.1021/acs.inorgchem.2c01364
Inorg. Chem. 2022, 61, 9364—9374


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01364?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Figure 4. Fragment of the K,SrGegO,4 (3) structure in two projections. K atoms are yellow and Sr atoms are gray.
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tetragermanate polymorph with the C, symmetry possessing a
trigonal pseudosymmetry.”" The structural similarities between
phase 1 and y-PbGe,O, include the formation of the infinite
helical chains from GeO, units. Because of these similarities,
phase 1 can be considered as y-SrGe,O,, since the structure
solution and refinement can be done in the C2 space group as
well, with a = 7.2490(14) A, b = 11.333(2) A, ¢ = 4.6562(9) A,
and f = 115.45(3)°. However, the available experimental data
casts doubt on the existence of the monoclinic y-SrGe,O,.
First, polymorphism of SrGe,Oy has never been reported as
there is only one entry in ICSD for SrGe,Oy, and it is for the
trigonal P321 phase. Moreover, differential thermal analysis for
SrGe,Oy shows no phase transition until the melting point
(Figure S3). Second, there was no experimental evidence of
twinning from our single-crystal XRD experiment (the data
processed with Apex4°”). Third, phase 1 was obtained in the
presence of NaCl, which gives the possibility of mixed Sr/Na
sites. If the synthesis is repeated under the same conditions,
but in the absence of NaCl, the well-known trigonal SrGe,Oy
phase forms. Finally, the Le Bail simulated diffraction pattern
of the R32 cell demonstrates the same features as the
experimental diffractogram (Figures S4 and SS). These
features are not described in the C2 Le Bail simulation.
Taking these points into account, we consider phase 1 as
Nay 36519 8,Ge4Oy.

3.1.2. Na,5rGesO;; (2). The Ge atoms in Na,SrGesO,,
occupy three sites: 3f (Gel), 1la (Ge2), and 2d (Ge3). Ge2 is
octahedrally coordinated by oxygen, while Gel and Ge3 adopt
a tetrahedral environment. GeO, tetrahedra share corners to
form infinite layers that are parallel to the ab plane (Figure 3
top). The neighboring layers are connected into a 3D anionic
framework by the GeOg polyhedra (Figure 3 center). The
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channels of this framework are occupied by Na and Sr cations
(Figure 3 bottom). The Na and Sr cations share the 3e site in a
2:1 ratio, giving the Na,SrGe4O,, composition.

The Na,SrGesO,, (2) structure demonstrates the same
features as Na,CaGesO,, one.”” Ge2 is surrounded by six
oxygen atoms forming a regular octahedron. GelO, is slightly
distorted (with two shorter and two longer Ge—O bonds),
while the distortion of the Ge3 tetrahedral surrounding is more
pronounced. One of the Ge—O bonds (1.68 A) is much
shorter than the three other (1.76 A). Overall, the
Na,SrGesO;, (2) phase adopts a langasite-type®® crystal
structure.

3.1.3. K,SrGegOg (3). Similar to 1 and 2, the K,SrGegO,
(3) structure contains germanium atoms in both octahedral
and tetrahedral oxygen environments. Three tetrahedrally
coordinated Ge atoms occupy general positions, while four
octahedrally coordinated ones are located in special positions.
In contrast to 1 and 2, K and Sr atoms occupy two distinct
crystallographic sites in 3, 12g (K) and 6f (Sr). As in 1 and 2,
GeO, and GeOg polyhedra are connected to form an anionic
framework. The arrangement of the Ge polyhedra in 3 is
similar to that in K,Ge,Oy*® and SrGe,Oy"' with 0D Ge,O,
rings connected by GeOy octahedra through corner sharing
(Figure 4).

K,SrGegO,5 (3) and K,Ge 0Oy crystallize with the P3cl
space group, while SrGe,Oy adopts the noncentrosymmetric
P321 group.”’ Despite the similar stoichiometries and
germanium polyhedra arrangements, there is a subtle differ-
ence between these three structures resulting from differences
in the GeO, polyhedra connectivity. This connectivity
difference for some germanate structures has been analyzed
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Figure 6. F(R) vs energy (in eV) plot for the pristine Na,SrGesOy, (a) and K,SrGegO 5 (b) phases. The corresponding optical band gap values are

given on the plot.

in a previous work on Na,BaGegsO;3 and Rb,BaGegOy,
phases.”*

3.2. Calculated and Experimental Band Gap. The
electronic structures of Na,SrGesO,, and K,SrGegO,g were
calculated using ab initio methods (Figure S). In both
compounds, the top of the valence band consists mostly of
O states, whereas the bottom of the conduction band consists
of both Ge states with a significant contribution from the O
orbitals. The theoretical band gaps, 2.61 and 2.78 eV for
Na,SrGe40,, and K,SrGegO 4, respectively, indicate insulating
behavior in both oxides.

The calculated values of the band gaps for 2 and 3 are
significantly lower than the experimental data (Figure 6): 2.61
and 2.78 eV vs 4.82 and 523 eV for Na,SrGesO,, and
K,SrGegO g, respectively. The mismatch is the result of the
known drawbacks of DFT calculations of insulators using the
PBE functional. The magnitude of the mismatch for our
calculations is comparable to that of another germanate
phosphor material, Li;RbGegO,5, where the calculated band
gap is 2.72 eV, while the experimental one is measured to be
526 eV."”

3.3. Photoluminescence Properties of the Pr3* and
Mn* Activated Germanates. A phosphor was prepared
from the Na,SrGesO,, phase via Pr’* doping, and the
photoluminescence (PL) emission and excitation (PLE)
spectra were collected (Figure 7). The Pr’* content was 0.6
mol %, which is identical to that of the previously studied
Na,CaGe40,,”* Under the UV excitation (4., = 246 nm), the
Na,S14,90,Geg014:0.006 Pr’* sample demonstrates the same
emission features as Pr**-substituted Na,CaGes0,,:** one
emission peak at 493 (°P, — *H, transition) and a second,
dominating emission peak at 610 nm ('D, — *H, transition)
in the visible region (Figure 7). The peaks are slightly shifted
(1—2 nm) compared to Na,CaGesO,, where the correspond-
ing peaks occur at 492 and 612 nm.”*

The octahedral Ge site in the Na,SrGesO,, (2) structure
was doped with Mn*', and the PL and PLE spectra were
collected (Figure 8a) for the corresponding samples. This
material has two distinct absorption maxima. The first and
dominant absorption peak is located in the UV region at 290
nm, and the second is in the visible region ~440 nm. The latter
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Figure 7. PLE and PL spectra of the Na,Srg,Ges0,4:0.006 Pr’*
sample at room temperature.

is associated with the 4TZg « 4A2g transition of the Mn** ion.
The UV absorption band is asymmetric and likely formed by
the overlap of the O~ to Mn*" charge-transfer band and the
allowed 4T1g — 4A2g electron transitions of Mn*.>

The emission peak at 663 nm is associated with 2Eg - 4A2g
relaxation of Mn*" and the peak position is in good agreement
with previous reports of Mn** phosphors.**~*° The position of
the emission peak is known to be independent on the crystal
field strength but affected by the covalency of Mn—ligand
bonds.”!

The performance of the Na,SrGe,_,0,,:xMn*" (x = 0.002,
0.008, 0.016) phosphor was optimized by adjusting the
activator substitution level. We found that the
Na,SrGes 9,04:0.008Mn*" sample exhibits a much higher
emission intensity compared with the initially prepared
Na,SrGes 903014:0.002Mn*" sample (Figure 8b), whereas a
higher substitution level of Mn** leads to luminescence
quenching and a decrease in the emission intensity.

The PLE and PL data for the Mn**-doped K,SrGegO;5 (3)
samples were collected at room temperature (Figure 9a). The
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0.016, and 0.032) (b).

emission peak positions are close to those observed from
Na,SrGes0,,:Mn**. Under UV excitation, the sample emits
red light with a narrow peak at 662 nm. This data is in good
agreement with other reported Mn*'-substituted germanate
phases.(”u‘é2 K,SrGe; 9s015:0.005Mn*" exhibits the highest
emission intensity (Figure 9b) in the series.

For both Na,SrGesO,, (2) and K,SrGegO,; (3), the
approximate positions of the 4Tlg « 4AZg (*F) peaks overlap
with the charge-transfer peaks, which can be estimated from

the following equations®

4 4
D, = E( Ty Azg)/IO (1)
by _ 15(x — 8)
B x*—10x (2)
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_ E(4T1g‘_4Azg) - E(4ng‘_4Azg)

b, (3)

X

1.8B

12} (4)

where D, is a crystal field strength for Mn** and B and C are
Racah parameters.

If a free Mn*" cation is introduced into a crystal field, the
Racah parameters are reduced due to the nephelauxetic
effect.”* The magnitude of this effect depends on the covalency
of the Mn—ligand bonds and influences the optical properties
of Mn*"-substituted phosphors. The nephelauxetic ratio f,,
suggested by Brik et al,®' has a linear correlation to the energy
of the 2Eg level (i.e., the emission frequency, cm™")

E(ZEg_)4A2g) _ 305C
B

ECE,~"A,,) = —880.49 + 1626192 3, (s)
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where (a)
=7
2 2 e
c
1\ B, C. 675
By Co (6) 5
©
(By = 1160 cm™ and C, = 4303 cm™' are free Mn*" Racah s
parametersés). The results of the calculations for Na,SrGe,O,, =
(2) and K,SrGegO,s (3) are summarized in Table 2. The
calculated positions of the 4Tlg «— 4AZg absorption peaks are )
328 and 337 nm for Na,SrGe,O,, (2) and K,SrGegO,5 (3), T 1
respectively. < 0.8
= 0.6
Table 2. PLE and PL Parameters of the Mn*"-Doped s 04
Na,SrGe;0,, (2) and K,SrGegO;¢ (3) Samples” E 0'§ N
5 . < 100 200 300 400 500
q c ECE)  E(‘Tyy) T (K)
sample (em™ (em™ (cm™V P (em™ (ecm™
Na,SrGeOy,4 2252 774 3099 0982 15083 30520 Figure 10. Contour plot of the temperature-dependent PL spectra for
2) K,SrGe;9950,5:0.005Mn** (a) and the normalized integrated
2174 771 3117 0.983 15106 29 664 intensity of its emission as a function of temperature (b).

K,SrGegO 4
()

“The values of B, C, and E(4Tlg) are calculated from eqs 1—6 and
may vary from the experimental data.

The calculated values of the crystal field parameters D, B,
and C, and the nephelauxetic ratio 3, for 2 and 3 are close to
those reported for the K,Ge,O, phase at room temperature.*®
The Mn*" cation in the oxide matrix with the more covalent
bonds typically has f; < 1, while in the fluoride matrix with
more ionic bonds, this value exceeds 1.°" Thus, the 3, values
for Na,SrGeO,, (2) and K,SrGegO,4 (3) are in the typical
covalent oxide region.

3.4. Temperature-Dependent Phosphorescence in
Na,SrGe;0,, (2) and K,SrGegO,5 (3). Photoluminescence
thermal quenching is one of the limitations of transition-metal-
based luminescent materials. To study the change in the
emission intensity as a function of temperature, temperature-
dependent luminescence spectra were collected for the
Na,SrGes 99,014:0.008Mn** and K,SrGe, 99s015:0.005Mn**
samples (Figures S6 and S7 in the Supporting Information).
The emission from the Na,SrGes ¢9,0,,:0.008Mn** sample was
weak and demonstrated significant artifacts; for that reason,
only the data for K,SrGe; 950,5:0.005Mn*" are shown below.

Figure 10 includes a contour plot of the temperature-
dependent PL spectra for the K,SrGe;g950;5:0.005Mn*"
sample (Figure 10a) and the normalized integrated intensity
data for the 77—500 K temperature range (Figure 10b). As
expected, the increasing temperature results in the decrease in
the photoluminescence intensity, which gradually drops to
50% of the low-temperature emission intensity at 420 K
(Figure 10b). The decrease in the photoluminescence intensity
at the elevated temperatures originates from the higher
probability of the nonradiative relaxation.” It can be illustrated
with a configurational coordinate diagram: at elevated
temperatures, the relaxation from the 2Eg state may occur to
the 4TZg state and then to the ground 4AZg state via crossover
points without emission of light (Figure S8 in the Supporting
Information). The sample demonstrates decent luminescence
thermal stability at the operational temperature of LED bulbs.
A moderate red shift and broadening of the emission peak with
the increasing temperature were also observed (Figure S9 in
the Supplementary Information).
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The thermal quenching activation energy (AE) can be
calculated from the following equation

b

—AE
where Iy is the emission intensity at a given temperature, I is
the emission intensity at room temperature, k is the Boltzmann
constant, A is a constant for the host material, and AE is the
activation energy. By plotting In(Iy/I; — 1) vs 1/kT from the
experimental data and the following linear fitting (Figure S10),

the activation energy AE was found to be 0.33 eV for the
K,SrGe; 495015:0.005Mn*" sample.

I; =

4. CONCLUSIONS

Single-crystal X-ray diffraction was used to study the structures
of three new Na—Sr and K—Sr germanates, Nay 3451 5,Ge,Oy
(1), Na,SrGesO44 (2), and K,SrGegO,5 (3); 2 and 3 adopt
known structural types with primitive unit cells and 1
demonstrates a rare example of the Ge polyhedra connection
and has a rhombohedral lattice. The new phases doped with
Pr** (2) and Mn*" (2 and 3) exhibit the red emission upon UV
excitation. The phosphorescence intensity of Mn**-doped
Na,SrGesO,, (2) and K,SrGegO,¢ (3) was optimized by
adjusting the doping level. The temperature-dependent
phosphorescence spectra of K,SrGe 49s015:0.005Mn*" showed
that the material loses half of the low-temperature intensity at
420 K, which is above the normal LED lamps’ operating
temperature range. Further research should focus on the
application of the K,SrGegO,q (3) phase rather than the
Na,SrGesO,, (2) compound. Furthermore, the Na,SrGe,O,,
(2) phase also exhibits nonlinear optical properties, yet the
SHG activity of the phase is low.
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