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The new lead strontium germanate PbSrGeO4 was synthesized by a high-temperature solid-state
reaction of lead(Il) oxide, strontium carbonate, and germanium(IV) oxide at a temperature of 900 °C
in a platinum crucible. The compound crystallizes in the orthorhombic space group P2{2,2; (no.
19) being isotypic to the structure of BaNdGaOy, [1]. The primitive cell contains four formula units
with lattice parameters of a = 995.40(2), b = 732.44(2), ¢ = 599.42(2) pm, V = 437.02(2) A3, and
residuals of R; = 0.0385 and wR, = 0.0997 for all data. The main structural element of PbSrGeOy is
an isolated [GeO4]*~ tetrahedron. A circular arrangement of six of these [GeO4]*~ tetrahedra leads
to the formation of large channels along b in which the strontium cations are eightfold coordinated by
oxygen atoms. The lead cations are coordinated by three oxygen atoms, and with a lone pair of elec-
trons they show a pseudo-tetrahedral coordination. Next to the structural investigations, PbSrGeQOy,
was characterized by Raman-spectroscopic investigations and DFT calculations.
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Introduction

Borogermanates are known as new potential materi-
als for nonlinear optical devices. In Rb,GeB4Og [2],
K>GeB4Og - 2 H,0 [3], and (CH3NH3)2,GeB4Og [4],
the efficiency in generating the second harmonic
(SHG) is two times higher than in the well known
reference material KDP. The designated aim of our
research was to synthesize a new strontium boroger-
manate in the chemical system SrCO3-GeO,-H3BO3
via a high-temperature solid-state reaction and the use
of a flux.

At the beginning of our project (July 2013), the
group of alkaline earth metal borogermanates was
represented by the compounds CajgGeBsOs
[5], Ba3[Ge;B7016(OH);]J(OH)(H,0) [6], and
BaszGe;BgO16 [6]. A look into the literature revealed
that there was a gap regarding strontium boroger-
manates. To obtain the missing strontium compound,

we started with a typical solid state reaction of the
reactands SrCOj3, GeO, and H3BOj3. But in contrast
to the procedure for the above mentioned calcium
and barium borogermanates [5, 6], we additionally
used a flux consisting of lead(Il) and lead(IV) oxide.
This kind of flux was already used in the high-
pressure synthesis of the rare-earth borogermanate
Ces(BO4)2GegO [7].

We obtained a golden-yellow product containing
two different phases, none of them being a novel
strontium borogermanate. Instead, we could iden-
tify in the powder X-ray diffraction pattern a well-
known lead germanate with the chemical composition
PbsGesOq; [8] and a new unknown phase. A single-
crystal structure determination on crystals of the lat-
ter unknown phase revealed a new lead strontium ger-
manate with the composition PbSrGeO4 being isotypic
to BaNdGaOy [1] and structurally related to the S-
K»SOy structure type [9, 10]. In this work, we report
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about the synthesis, the single-crystal structure deter-
mination, DFT calculations, and Raman spectroscopic
investigations of PbSrGeOy.

Finally, it should be mentioned that our original goal
of synthesizing the missing strontium borogermanate
was achieved by the group of Mao et al., who re-
cently synthesized the first strontium borogermanates
SrGe;B;0g and Sr3Ge;BgO16 [11]. Additionally, we
were able to synthesize a third strontium boroger-
manate with the composition Sr3_, /B3 Ge41xO14
(x=0.32) [12].

Experimental Section
Synthesis

As mentioned above, the first synthesis took place in the
system SrCO3-GeO;,-H3BOj3 in the presence of a flux con-
sisting of PbO and PbO5 in the ratio 24 : 0.6. This led to a het-
erogeneous product consisting of PbsGe3 01 [8] and the new
compound PbSrGeQOy,. The fate and behavior of H3BO3 dur-
ing this synthesis are not clear. Presumably it acts as a flux
material which is amorphous in the final product mixture as it
could not be detected in the powder diffractogram any longer.

As a consequence, in the next step, the stoichiometry
of the reaction mixture was adapted to the composition
PbSrGeO, according to Eq. (1) in order to see if PbSrGeOy
can be obtained directly from the educts without H3BO3 and
PbO, as flux materials.

PbO + SrCOs + GeO, 22°C, PbSrGeO, + CO,
ey

The reaction mixture containing 102.6mg SrCO3
(99+ %, Merck, Darmstadt, Germany), 72.8 mg GeO,
(99.99 %, ChemPur, Karlsruhe, Germany) and 155.2 mg PbO
(99.7%, Acros, Geel, Belgium) was ground together in an
agate mortar and filled into a FKS 95/5 crucible (Feinkorn-
stabilisiert, 95% Pt, 5% Au, Ogussa, Wien, Austria). The
sample was heated up to 900 °C (Nabertherm muffle fur-
nace) with a rate of 3°Cmin~' and held at that tempera-
ture for 130 h. After that period, the furnace was switched off
and the reaction product naturally cooled down to room tem-
perature. The new compound PbSrGeO, was obtained in the
form of colorless, air- and water-resistant crystals. The pow-
der diffraction pattern (Fig. 1) clearly exhibited PbSrGeOy as
the major phase. Two tiny reflections marked with asterisks
in the powder pattern could not be assigned up to now.

Crystal structure analysis

The powder diffraction pattern of PbSrGeO4 was obtained
in transmission geometry from a flat sample of the reaction
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Fig.1 (color online). Experimental powder pattern (top) of
PbSrGeO4 compared with the theoretical powder pattern
(bottom) simulated from the single-crystal data.

product, using a Stoe Stadi P powder diffractometer with
Ge (111)-monochromatized MoKy, (A = 70.93 pm) radia-
tion. The comparison of the experimental powder pattern
with the theoretical pattern simulated from the single-crystal
data in Fig. 1 has shown that they match well.

Small single crystals of PbSrGeO,4 were isolated by me-
chanical fragmentation. The single crystal intensity data
were collected at room temperature using a Nonius Kappa-
CCD diffractometer with graphite-monochromatized MoK,
radiation (A = 71.073 pm). A semiempirical absorption
correction based on equivalent and redundant intensities
(SCALEPACK [13]) was applied to the intensity data. All rel-
evant details of the data collection and evaluation are listed
in Table 1. From the systematic extinctions, the orthorhombic
space group P2;212 was derived. The structure refinement
was performed by taking the positional parameters of the
isotypic phase BaNdGaO4 [1] as starting values (SHELXL-
13 [14, 15]). All atoms were refined with anisotropic dis-
placement parameters, and the final difference Fourier syn-
thesis did not reveal any significant residual peaks. The re-
finement exhibited that the measured crystal was a racemic
twin, where the twin domains showed a ratio of 1 : 1. Posi-
tional parameters, anisotropic displacement parameters and
interatomic distances are listed in the Tables 2—5. The pro-
gram DIAMOND was used for the graphical representation of
the structure [16].

Further details of the crystal structure investigation
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
karlsruhe.de/request_for_deposited_data.html) on quoting
the deposition number CSD-427843.
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Table 1. Crystal data and structure refinement of PbSrGeOy4
(space group: P2,2,2;; standard deviations in parentheses
where applicable).

Empirical formula PbSrGeO4
Molar mass, g mol ! 431.40
Crystal system orthorhombic

Space group P212,2; (no. 19)

Lattice parameters from powder data

Powder diffractometer STOE Stadi P
Radiation MoKy, (A =70.93 pm)
a, pm 994.08(8)

b, pm 730.84(7)

¢, pm 598.88(6)

v, A3 435.09(9)

Single crystal data
Single crystal diffractometer
Radiation

Enraf-Nonius Kappa CCD
MoKy (A =71.073 pm)
(graded multilayer X-ray

optics)
Temperature, K 293(2)
a, pm 995.40(2)
b, pm 732.44(2)
¢, pm 599.42(2)
v, A3 437.02(2)
Formula units per cell 4
Calculated density, gcm™3 6.56
F(000), e 736
Crystal size, mm? 0.01 x 0.01 x 0.02
Absorption coefficient, mm™~! 57.3
Absorption correction multi-scan (Scalepack [13])
6 range, deg 3.45-34.99
Range in hkl -9<h<9,
—11 <k<Il,
—-16<I<15
Total no. of reflections 1914
Independent reflections 1914
Reflections with I > 2 6(I)/Rs 1895/0.0246
Data/ref. parameters 1914/66
Goodness-of-fit on F? 1.078
Final indices Ry /wRy [I >2 o(I)]  0.0380/0.0992
Final indices R; /wR; (all data) 0.0385/0.0997
BASF 0.49(2)
Largest diff. peak and hole,e A3 5.53/-3.94

Vibrational spectra

The Raman spectrum of a single crystal of PbSrGeOy4
was recorded with a Horiba Jobin Yvon LabRAM-HR

Table 2. Atomic coordinates (Wyckoff positions 4a for all
atoms) and equivalent isotropic displacement parameters
Ueq (A2) of PbSrGeOy4 (space group: P212;21; standard de-
viations in parentheses). Ueq is defined as one third of the
trace of the orthogonalized Uj; tensor.

Atom x y z Ueq

Pbl  0.65884(4) 0.31141(6)  0.18412(7)  0.0107(2)
Gel  0.3372(2) 0.2876(2) 0.2737(2) 0.0055(2)
Srl  0.04050(9)  0.5014(2) 0.2315(2) 0.0036(2)
o1  0.1807(9) 0.189(2) 0.205(2) 0.01(2)
02 0.424Q2) 0.1984(16)  0.5016(17)  0.017(2)
03 0.300(2) 0.514(2) 0.355(2) 0.014(2)
04 0.4428(8) 0.263(2) 0.039(2) 0.01(2)

800 Raman micro-spectrometer in the spectral range of
100—4000 cm™!. The sample was excited using the 532 nm
emission line of a frequency-doubled 100 mW Nd:YAG laser
and the 633 nm emission line of a 17 mW helium neon laser
under an Olympus 100X objective lens. The diameter of the
laser spot on the surface was approximately 1 ym. The scat-
tered light was dispersed by an optical grating with 1800
linesmm ™! and collected by a 1024 x 256 open electrode
CCD detector. The spectral resolution, determined by mea-
suring the Rayleigh line, was less than 2 cm™!. The spectrum
was recorded unpolarized. The accuracy of the Raman line
shifts, calibrated by regularly measuring the Rayleigh line,
was in the order of 0.5 cm™!. Second-order polynomial and
convoluted Gaussian-Lorentzian functions were fitted to the
background and Raman bands, respectively, using the built-
in spectrometer software LABSPEC.

DFT calculations

Electronic structure calculations were performed using
the Vienna ab initio simulation package (VASP) [17, 18]
which is based on density functional theory (DFT) and plane
wave basis sets. Projector-augmented waves (PAW) [19]
were used, and contributions of correlation and exchange
were treated in the generalized-gradient approximation
(GGA) as described by Perdew, Burke and Ernzerhof [20].
The plane wave cutoff energy was 300eV, and the total
energy convergence criterion 107> ¢V. A three-dimensional
grid of the charge density and the electron localization func-
tion (ELF) [21, 22] were calculated. In density functional
theory, ELF depends on the excess of local kinetic energy due

Atom Uy [ Uss Un Ui Ups Table 3. Anisotropic displaacg:—
Pbl 0.0087(2)  0.0101(2)  0.0134(2)  —0.0029(2) —0.0025(2) 0.0008(2) ment  parameters  (Uj;/A%)
Gel 0.0027(4)  0.0059(4)  0.0081(4)  0.0004(3)  —0.0004(3) 0.0001(3) for PbSrGeOy4 (space group:
Srl 0.0018(3)  0.0029(4)  0.0063(3)  0.00043)  0.0011(2)  0.0005(2) F2,2,2y; standard deviations
ol 0.006(33)  0011(3)  00123)  0.0003)  0.0012)  —0.001(3) in parentheses).

02 0.015@4)  0.021(5)  0.014(4)  0.004(4)  —0.0093)  0.004(4)

03 0.014(4)  0.0053)  0022(4)  —0.003(3) 0.0043)  —0.007(3)

04 0.002(3)  0017(4)  00113)  0.0023)  0.0032)  0.000(3)
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Table4. Synopsis of selected bond lengths (pm) of
PbSrGeO4 (space group: P21212;) calculated with the
single-crystal lattice parameters (standard deviations in
parentheses).

Pbl-03 223.1(9) Srl-02 2459(9) Gel-02 174.4(9)
Pbl-O1 234.3(9) Srl-04 253.1(9) Gel-O4 176.4(8)
Pbl-O4 234.7(9) Srl-02 261.9(12) Gel-O1 176.6(9)
@ =230.7Sr1-01  262.3(9) Gel-03 176.7(7)
Srl-03  268.3(10) 2 =176.0

Sr1-01  268.5(9)

Sr1-04  270.7(9)

Sr1-03  276.6(11)

o =2634

to the Pauli principle as compared to a bosonic system. High
values of ELF appear in regions of space where the Pauli
principle does not increase the local kinetic energy and thus
pairing of electrons plays an important role. These regions
can be assigned either to covalent bonds or to lone pairs.

Results and Discussion
Crystal structure of PbSrGeQOy

The new lead strontium germanate crystallizes iso-
typically to the structure of BaNdGaO4 in the or-
thorhombic space group P212,2; (no. 19) with four
formula units per unit cell. The lead cation occupies the
crystallographic position of the barium cation, whereas
the strontium atom is situated on the position of the
neodymium cation. The fundamental building unit is
an isolated [GeO4]*~ tetrahedron. A repetition of a cir-
cular arrangement of six of these [GeO4]*~ tetrahe-
dra leads to the formation of large channels along b
that host the strontium ions which are eightfold co-
ordinated by oxygen anions. Figs. 2 and 3 show the
crystal structure of PbSrGeQ,4 with a view along [010]
and [100], respectively. In addition to the three oxygen
anions in the coordination sphere of the lead cation,
a space for a lone pair can be distinguished, sug-
gesting a pseudo-tetrahedral coordination of the lead
cation. Because of that, special attention was given

Fig. 2 (color online). Crystal structure of PbSrGeOy4 (space
group: P21212y) showing a circular arrangement of
[GeOy4]*~ tetrahedra forming infinite tubes along [010] filled
with Sr** ions (green). The Pb2* jons (orange) are situated
in the voids between the tetrahedra.

to the coordination sphere of the lead cation where
the lone pair was visualized by the electron local-
ization function (ELF) (isosurface value ELF = 0.97).
The pseudo-tetrahedral coordination with lead-oxygen
distances between 223.1(9) and 234.7(9) pm (mean
value: 230.7 pm), and the lone pair is illustrated in
the left hand part of Fig. 4. Obviously, this lone pair
is stereochemically active as the position of the lead
cation shifts towards the three oxygen atoms in com-
parison to the position of the barium cation in the
isotypic compound BaNdGaO,4, whose coordination
sphere is displayed in the right hand part of Fig. 4.
A similar behavior can be found e.g. in the com-
pound PbVOs that crystallizes in the perovskite struc-
ture possessing a lead cation with a stereochemically
active lone pair [23]. In the case of PbVOs3, a slightly
off-center shift of the Pb?* cation out of the cen-
tral position in the opposite direction to the lone pair
can be recognized. The interatomic distances between
the strontium cations and the oxygen anions are be-
tween 245.9(9) and 276.6(11) pm with a mean value

Table 5. Interatomic angles (deg) in PbSrGeOy4 (space group: P21212;), calculated with the single-crystal lattice parameters

(standard deviations in parentheses).

02-Gel-04 106.9(5) 04-Gel-O1 107.3(4) 04-Gel-03  116.2(5)

02-Gel-0O1 117.8(5) 02-Gel-03  104.0(5) 01-Gel-03  105.1(4)
@ =109.6

03-Pbl1-O1  83.0(3) 03-Pb1-04  89.1(4) O1-Pb1-04  73.5(3)

=819
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Fig. 3 (color online). Crystal structure of PbSrGeOy (space
group: P2;212;) with a view along [100].

LA

Fig. 4 (color online). Comparison of the coordination spheres
of the Pb** ion with the lone pair visualized by the elec-
tron localization function (ELF) (isosurface value ELF =
0.97) and the Ba?*t cation (right) in the crystal structure of
BaNdGaOq [1].

of 263.4pm. Fig. 5 shows the coordination sphere
of the strontium cations. The germanium-oxygen
bond lengths in the tetrahedra vary from 174.4(9) to
176.7(9) pm with a mean value of 176.0 pm, and
the O-Ge-O bond angles range from 104.0(5) to
117.8(5)° (average value: 109.5°). Both values are
comparable with those of other compounds contain-
ing GeQy4 tetrahedra [6, 24, 25]. It should be noted
that there exist further compounds that crystallize in
the BaNdGaO, structure type, e.g. BaLaGaO4 [1],
a-NaCuPOy [26], STTIVO4 [27], KSrVO4 [28], and
BaLaAlO4 [29].

The bond valence sums for all atoms in PbSrGeQOy4
were calculated from the crystal structure using the
bond-length/bond-strength concept (V) [30, 31] and
the CHARDI concept (charge distribution in solids,
> 0) [32]. Table 6 shows the formal ionic charges re-
ceived from the calculations which correspond well to
the expected values.

Fig. 5 (color online). Coordination sphere of the Sr2t (green)
cation in PbSrGeQy.

Table 6. Charge distribution in PbSrGeO4 (space group:
P2,2,2)), calculated with the bond-length/bond-strength
(2.V) and the CHARDI (3, Q) concept.

Pbl Gel Srl 01 02 03 04

SV .79 387 188 —-195 —-2.07 —-1.79 -2.02

>0 1.89 406 205 -—-206 —2.17 —1.67 —2.10
60000 —
45000
f_é 30000 —
15000—‘

0_ T T T T T T T

200 400 600 800 1000 1200 1400

Wavenumber (cm™)

Fig. 6. Single-crystal Raman spectrum of PbSrGeOy in the
range of 50— 1500 cm™!.

Furthermore, the MAPLE value (MAdelung Part of
Lattice Energy) was calculated from the crystal struc-
ture to compare it with the sum of the MAPLE val-
ues of the binary components PbO [33], SrO [34], and
GeO; [35]. The difference between the values for the
product and the sum of the educts amounts to 1.65 %.

Raman spectroscopy

The Raman spectroscopic measurements were per-
formed on a single crystal of PbSrGeQy. Fig. 6 shows
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the Raman spectrum of PbSrGeO4. The bands be-
tween 680 and 800 cm™! can be interpreted as stretch-
ing vibrations [36, 37] of the GeO, tetrahedron, and
bands in the range of 300 to 400 cm~! can proba-
bly also be assigned to the bending modes of the
GeO, tetrahedron [38]. Bands below 200 cm ™! may
arise from mixed vibrations of the GeQ, tetrahe-
dron [36]. Presumably, these vibrations overlap with
vibrations of the pseudo-tetrahedrally coordinated lead
cation [38].

Conclusions

The novel lead strontium germanate PbSrGeOg4
marks a new compound in the group of germanates.
It crystallizes in the space group P2;2;2; and is one
of a few compounds that are isotypic to the structure
of BaNdGaQ,. The main structural characteristics are
isolated GeQy tetrahedra, eightfold-coordinated stron-
tium cations, and pseudo-tetrahedrally coordinated
lead cations exhibiting a stereoactive lone pair.
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