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Abstract

The new monoclinic cerium borogermanate Ceg(BO4)>,GegO,, was synthesized under high-pressure and high-temperature conditions in
a Walker-type multianvil apparatus at 10.5 GPa and 1200 °C. Ce4s(BO,4),GeyOy; crystallizes with two formula units in the space group
P2,/n with lattice parameters a = 877.0(2), b = 1079.4(2), ¢ = 1079.1(2) pm, and f = 95.94(3)°. As the parameter pressure favours the
formation of compounds with cations possessing high coordination numbers, it was possible to produce simultaneously BOy-tetrahedra
and GeOg-octahedra in one and the same borogermanate for the first time. Furthermore, the cerium atoms show high coordination
numbers (C.N.: 9 and 11), and one oxygen site bridges one boron and two germanium atoms (OP'), which is observed here for the first
time. Besides a structural discussion, temperature-dependent X-ray powder diffraction data are presented, demonstrating the metastable

character of this high-pressure phase.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Using high-pressure/high-temperature conditions in the
synthesis of borates can lead to new metastable but
tangible borates with new compositions and special
structural motifs. Next to new high-pressure polymorphs
like y-REBO; (RE = Dy—Er) [1] or new meta-borates such
as f-RE(BO,); (RE=Tb-Lu) [2,3] and 7y-RE(BO»);
(RE = La-Nd) [4,5], it was also possible to synthesize
new compositions as RE4BsO,5 (RE = Dy, Ho) [6-8] or a-
RE>,B4O9 (RE =Sm-Ho) [9-11], exhibiting the new
structural motif of edge-sharing BOy-tetrahedra. With the
synthesis of RE3Bs0;, (RE = Tm-Lu), we were able to
make a silicate-analogous structure by use of high pressure,
in which all tetrahedral positions, formerly occupied by
Si/Be (semenovite), for the first time were completely
substituted by boron (homeotype structure to semenovite)
[12].
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Recently, we extended our syntheses under high-pressure
conditions into the field of rare-earth borogermanates.
Interestingly, three-component systems from rare-earth
oxides and two acid oxides like boron oxide and
germanium oxide never form many ternary systems.
Screening the literature, we found that the system RE>Os,
B-0;, and GeO, shows only two families of compounds:
RE14(GCO4)2(BO3)608 (RE: Pr, Nd, Sm—Gd) [13—19]
(earlier designated as RE 4(GeOy4)>(BO3)305 [13,14]) and
REBGeO:s. Single crystals of the first family were obtained
by spontaneous crystallization from a flux, e.g. 6Gd,03,
3B,0;, 6GeO,, and 85PbO in the case of Gdi4(GeOy),
(BO3)gOg) [18]. Inside the isotypic compounds RE4
(Ge0y4)>(BO3)¢Og, the rare-carth cations exhibit coordina-
tion numbers ranging from 6 to 10, which restricts the
composition to the rare-earth cations Pr, Nd, and Sm—Gd.
The attempts to synthesize analogous compounds with
larger and smaller rare-earth cations were unsuccessful.
Experiments with terbium oxide resulted in binary borates
and germanates [17]. Furthermore, rare-earth ions of
different sizes were added to the composition, and in some


www.elsevier.com/locate/jssc

G. Heymann, H. Huppertz | Journal of Solid State Chemistry 179 (2006) 370-377 371

cases solid solutions were obtained, which melt congru-
ently. Following that way, the region of existence of this
structure type was extended to mixtures of two, three, or
four rare-earth’s, e.g. La;RE-(GeOy4),(BO3)sOg (RE = Tbh,
Dy, Ho, Er) [20,21], Nd,Sm,Euy_,_,(GeO4)>(BO3)sOs
[22], and Nd,Sm,Eu.Gd4_,_,_.(GeOy),(BO3)sOs [23].
The solid solution with lanthanum and terbium
(La, Tbi4_(GeOy4)>(BO3)sOyg) is of special interest, whereas
the individual compounds RE 4(GeOy4),(BO3)cOg with
RE = La and Tb are still unknown.

The second family, represented by the formula
REBGeOs [24-29], exhibits two types of structures. For
the larger rare-earth ions (RE = La, Pr, and Nd (low-
temperature phase)) a trigonal cell symmetry was realized
(space group P3)), crystallizing with the REBSiOs stillwel-
lite structure type (CeBSiOs) [30-33]. Both atoms, germa-
nium and boron, are coordinated tetrahedrally forming
helical chains along the c-axes. The smaller rare-carth’s
(RE = Nd (high-temperature)-Er) were described in a
monoclinic cell (P2;/a), isotypic with the datolite-type
structure (CaBSiO4OH) [34]. This structure is layered, and
the cations are separated by BO4- and GeOjy-tetrahedra.
For the smallest ions (RE = Tm, Yb, Lu), the compound
does not exist until now. Additionally, solid solutions in
the system La;_,Nd,BGeOs have been investigated. For
0<x<0.6 the stillwellite structure was stabilized, and for
x>0.8 the monoclinic modification is observed [28].

Recently, it was shown that boron can be incorporated
into germanate frameworks [35-40]. In this context, the
combination of borate and germanate groups in the same
crystalline material generated a new class of materials with
novel framework topologies.

Concerning the structures, all former-mentioned boro-
germanates are characterized by the combination of
trigonal BOs-groups with GeOgy-tetrahedra and the combi-
nation of BOy-tetrahedra with GeOy-tetrahedra. A third
variety of building blocks can be found in the class of
transition-metal borogermanates, namely NisGeB,Oq
(space group Pbam), where the combination of BO5-groups
with GeOg-octahedra exists [41]. Missing motives in this
series are the combination of BOy-tetrahedra with GeOs-
polyhedra or GeOg-octahedra, because germanium may
adopt three different coordinations, e.g. four, five, and six
[42]. High-pressure conditions should prefer combinations,
in which boron and germanium exhibit their highest
coordination numbers four and six, respectively.
This assumption was confirmed by the borogermanate
Ces(BO4)»GeygOy,, synthesized under conditions of
10.5 GPa at 1200 °C. Afterwards, we describe the synthesis,
the structure, and the thermal properties of the new
borogermanate Ceg(BO4)>GeyOrs.

2. Experimental part
According to Eq. (1), the compound Ceg(BO4),GegOss

was synthesized via a high-temperature/high-pressure
route, using molar mixtures of CeO, (purity>99.9%),

GeO, (trigonal, a-quartz type, purity >99.999%, Chem-
Pur, Karlsruhe), and B,O5 (purity >99.9%, Strem Chemi-
cals, Newburyport, USA).

6CeO; + 9GeO; + B,03
10.5 GPa
— Ces(BO4)2G69022 + 3/202. (1)
1200 °C

A boron nitride crucible of a 14/8-assembly was loaded
with a carefully milled mixture of the compounds,
compressed within 3h to 10.5GPa, using a multianvil
apparatus, and heated up to 1200°C in the following
10 min. Details of the construction of the assembly can be
found in Refs. [43-46]. After a period of 10 min with a
constant temperature of 1200 °C, the assembly was cooled
down slowly to 700°C followed by quenching to room
temperature. Decompression past, the recovered experi-
mental octahedron was broken apart, and the sample
carefully separated from the surrounding hexagonal boron
nitride. This procedure led to a slightly yellow to colour-
less, crystalline composite, consisting of the new boroger-
manate Ceg(BO4),GegO,,, the orthorhombic meta-borate
y-Ce(BO»)3 [5], and rests of GeO, (a rutile-type (argutite)),
which were identified by X-ray powder diffraction.

For an optimization of the synthetic parameters, the
synthesis pressure was decreased to 8.5 GPa resulting in a
nearly complete prevention of the byproduct y-Ce(BO»);3
[5]. But, we detected a new phase next to the main phase
Ces(BO4)»GegO,, in the powder pattern of this system,
unknown until now. Hitherto, it was not possible to obtain
a single-phase product by varying the temperature and
pressure conditions. An examination of the crystallinity of
the sample for the selection of single crystals revealed
inadequate quality. Therefore, the experiments were
repeated with the addition of a PbO/PbO,-flux
(Ce0,:Ge0,:B,05:PbO:PbO, = 6:9:1:12:0.3) at 10.5GPa
and 1200 °C to improve the growth and quality of the
crystals to an acceptable size similar to the crystallization
of RE14(Ge0y)2(B0O3)¢Og (RE = Pr, Nd, Sm—Gd) [13-19].
Single crystals of Ceg(BO4)>GegO,, were isolated from the
mentioned flux synthesis. The composition and the absence
of lead inside the single crystals were checked by EDX
analysis. The analysis of the cerium and germanium
content in Ceg(BO4)>GeyO,, via EDX was determined to
12.0 and 17.1atom%, respectively (theoretical:/atom%:
12.8% Ce, 19.1% Ge).

3. Crystal structure analysis

Small single crystals of Ceg(BO4)>,GegO,, were isolated
by mechanical fragmentation, and examined by Buerger
precession photographs. Single-crystal intensity data were
collected at room temperature from a regularly shaped
colourless crystal (block) by use of a Stoe IPDS detector
diffractometer [Mo-Ka radiation (71.073 pm)]. A numerical
based absorption correction (Habitus [47]) was applied to
the intensity data. All relevant information concerning the
data collection is listed in Table 1. According to the
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Table 1

Crystal data and structure refinement for Ceg(BO4)>GegOrs
Empirical formula Ceg(BOy4)>Geg0ss
Molar mass (gmol ") 1995.65

Crystal system Monoclinic

Space group P2,/n (No. 14)
Single crystal diffractometer STOE-IPDS

Radiation

Single crystal data

Mo-Kuo (4 = 71.073 pm)

a (pm) 877.0(2)

b (pm) 1079.4(2)

¢ (pm) 1079.1(2)

B (deg.) 95.94(3)
Volume (A%) 1016.0(4)
Formula units per cell Z=2
Temperature (K) 293(2)
Calculated density (zcm™>) 6.523
Crystal size (mm?®) 0.03 x 0.03 x 0.03
Detector distance (mm) 50.0
Irradiation/exposure (min) 10
Number of exposures 113
Measurement duration (h) 24
Absorption coefficient (mm™) 26.379
F(000) 1772
0 range (deg.) 2.68-30.42

Range in ikl

Total no. reflections
Independent reflections
Reflections with 7>20(1)
Data/parameters
Absorption correction
Transm. ratio (min/max)

+12, —15/+13, +15
10704

2899 (Rin = 0.0633)
2053 (R, = 0.0591)
2899/215

Numerical (HABITUS [47])

0.4444/0.6581

Goodness-of-fit (F?) 0.889

Final R indices (1 >20([1)) R; = 0.0401
wRy =0.0913

R indices (all data) R; =0.0584
WRy = 0.0967

Extinction coefficient . 0.0006(2)

Larg. diff. peak and hole (cA™) 23/-2.2

Table 2
Aatomic coordinates and isotropic equivalent displacement parameters Ueq
(A?) for Ceg(BO4)>GeoO»s (space group: P2;/n)
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Atom Wyckoff  x y z Ueq

site
Cel 4e 0.04490(6) 0.66854(5) 0.05792(5) 0.0084(2)
Ce2 4e 0.65196(6) 0.83259(5) 0.94610(5) 0.0093(2)
Ce3 4e 0.99656(6) 0.82240(5) 0.73165(5) 0.0077(2)

systematic extinctions 20/ with 1 + [#2n, 0 k0 with k+#2n,
h00 with 25 2n, and 00/ with [+ 2n, the space group P2/n
(No. 14) was derived. The starting positional parameters
were deduced from an automatic interpretation of direct
methods with SHELXS-97 [48]. The structure of
Ceg(BO,4)»GegO,, was refined with anisotropic displace-
ment parameters for all atoms with SHELXL-97 [49] (full-
matrix least-squares on F°). The final difference Fourier
synthesis did not reveal any significant residual peaks in the
refinement (see Table 1). Details of the single-crystal
structure measurement are shown in Table 1. Additionally,
the positional parameters (Table 2), anisotropic displace-
ment parameters (Table 3), and interatomic distances
(Table 4) are listed. Further details of the crystal structure
investigation may be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein Leopoldshafen,
Germany (fax: +497247808 666; e-mail: crysdata@
fiz-karlsruhe.de), on quoting the depository number
CSD-391342.

BI de 0.7792)  0.6632)  0.4752)  0.010(2)

Gel 4e 0.8644(2)  0.8279(1) 0.2372(1)  0.0076(2)
Ge2 4e 0.7492(2)  0.5822(1)  0.7511(1)  0.0073(2)
Ge3 2a 0 0 0 0.0077(3)
Ged 4e 0.8751(2)  0.5146(1)  0.2603(1)  0.0073(2)
GeS 4e 0.3452(2)  0.5381(1)  0.9685(1)  0.0080(2)
o1 4e 0.8543(8)  0.6864(6) 0.8639(7) 0.011(2)
02 4e 0.1387(7)  0.0258(6)  0.1386(6)  0.007(2)
03 4e 0.1333(8)  0.5174(7) 0.9171(6)  0.009(2)
04 4e 0.8263(8)  0.6707(6)  0.1958(7)  0.010(2)
05 4e 0.2972(8)  0.5466(6)  0.1280(7) 0.011(2)
06 4e 0.0763(8)  0.8061(6)  0.2657(6)  0.009(2)
07 4e 0.8560(8)  0.3567(6)  0.3130(7)  0.009(2)
08 4e 0.8037(8)  0.6843(6) 0.6118(6)  0.009(2)
09 de 0.8556(8)  0.9849(6)  0.2908(7)  0.010(2)
010 4e 0.0808(7)  0.5314(6)  0.2666(7)  0.008(2)
ol11 4e 0.1169(8)  0.8660(6) 0.9395(7)  0.010(2)
o12 4e 0.1090(8)  0.1292(7)  0.9284(7)  0.011(2)
o13 4e 0.4499(8)  0.3910(6)  0.9853(7)  0.011(2)
Ol4 4e 0.8789(8)  0.5686(6)  0.4284(7)  0.008(2)
015 4e 0.3109(9) 0.7110(7)  0.9140(7)  0.012(2)

Uy is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 3
Anisotropic displacement parameters (Az) for Ceg(BO4),GeygO,, (space
group: P2y/n).

Atom Uy, Uxn Uss Uss Uiz Uz

Cel  0.0091(2) 0.0075(2) 0.0088(3) 0.0000(2) 0.0023(2) 0.0006(2)
Ce2  0.0083(2) 0.0109(3) 0.0086(3) 0.0006(2) 0.0008(2) —0.0001(2)
Ce3  0.0084(2) 0.0066(2) 0.0082(3) —0.0001(2) 0.0015(2) —0.0002(2)
Bl 0.004(4) 0.017(5) 0.009(5) —0.002(4)  0.003(4) —0.002(4)
Gel  0.0082(4) 0.0055(4) 0.0092(5) —0.0008(4) 0.0016(4) —0.0003(4)
Ge2  0.0078(4) 0.0064(4) 0.0078(5) —0.0004(3)  0.0009(4)  0.0000(3)
Ge3  0.0088(6) 0.0060(6) 0.0085(7) —0.0009(5) 0.0018(6) —0.0002(5)
Ged  0.0075(4) 0.0061(4) 0.0084(5) —0.0001(3) 0.0012(4) —0.0001(3)
Ge5  0.0083(5) 0.0085(5) 0.0072(5) 0.0001(4) 0.0009(4)  0.0004(4)
Ol 0.009(3) 0.009(3) 0.013(4) —0.0023) —0.002(3)  0.002(2)
02 0.004(3) 0.0093) 0.010(3)  0.0052)  0.003(3)  0.004(2)
03 0.007(3) 0.014(3) 0.007(3)  0.001(3)  0.002(3) —0.002(3)
04 0.0012(3) 0.004(3) 0.014(3)  0.002(3) —0.003(3) —0.001(2)
05 0.014(3) 0.008(3) 0.010(3)  0.004(3)  0.004(3)  0.000(3)
06  0.007(3) 0.011(3) 0.007(3)  0.001(2)  0.001(3)  0.001(2)
07  0.009(3) 0.0093) 0.010(3)  0.001(3)  0.002(3) —0.002(2)
08  0.013(3) 0.008(3) 0.007(3)  0.007(2)  0.001(3)  0.000(3)
09  0.011(3) 0.008(3) 0.012(4) —0.0053)  0.002(3)  0.001(3)
010 0.004(3) 0.005(3) 0.017(4)  0.002(2)  0.002(3) —0.003(2)
Ol11 0.008(3) 0.0103) 0.011(3)  0.0003) —0.002(3)  0.000(2)
012 0.013(3) 0.0093) 0.011(3)  0.001(3)  0.006(3)  0.002(3)
013 0.018(4) 0.0103) 0.006(3) —0.002(2)  0.008(3) —0.001(3)
014 0.005(3) 0.007(3) 0.011(4)  0.001(2)  0.000(3)  0.002(2)
015 0.019(4) 0.007(3) 0.009(3)  0.006(3) —0.002(3)  0.004(3)
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Table 4
Interatomic distances (pm) calculated with the single crystal lattice parameters in Ceg(BO4)>GegOsn
Cel-O3a 241.1(7) Ce2-012 241.1(8)
Cel-04 254.6(7) Ce2-010 245.9(7)
Cel-Ol1 254.8(8) Ce2-06 249.1(7)
Cel-03b 257.5(7) Ce2-01 259.9(7)
Cel-0O12 257.9(7) Ce2-014 261.0(7)
Cel-Ol1 259.6(7) Ce2-07 262.0(7)
Cel-05 261.8(7) Ce2-02 262.5(6)
Cel-06 268.0(7) Ce2-013 270.3(7)
Cel-0O10 268.6(7) Ce2-014 291.1(7)
Cel-08 278.3(7)
Cel-Ol15 296.9(7)

&263.6 @5260.3
Ge2-01 183.4(7) Ge3-02a 184.9(7)
Ge2-02 187.8(7) Ge3-02b 184.9(7)
Ge2-010 195.4(7) Ge3-0O12a 189.9(7)
Ge2-06 195.7(7) Ge3-0O12b 189.9(7)
Ge2-08 196.2(6) Ge3-Olla 192.5(7)
Ge2-05 197.7(7) Ge3-Ol1b 192.5(7)

@192.7 @189.1

Ce3-07 240.2(7) Gel-04 177.8(7)
Ce3-011 242.4(7) Gel-09 179.5(7)
Ce3-05 243.0(8) Gel-06 186.7(7)
Ce3-01 247.3(7) Gel-012 188.4(7)
Ce3-09 247.6(7) Gel-07 197.8(7)
Ce3-08 251.0(7) Gel-O15 205.5(7)
Ce3-02 252.9(6)
Ce3-013 254.5(7) 2189.3
Ce3-04 295.8(7)

BI-O11 147(2)

B1-08 149(2)

3252.7 B1-015 155(2)

B1-Ol4 146(2)

7149
Ged-010 180.8(6) Ge5-05 181.6(7)
Ged-07 181.0(7) Ge5-0O13a 183.4(7)
Ged-04 185.6(7) Ge5-03 189.8(7)
Ged-014 190.3(7) Ge5-09 194.5(7)
Ged-03 193.9(7) Ge5-013b 196.9(8)
Ged-09 206.6(7) Ge5-0l15 197.1(7)
189.7 2190.6

Standard deviations in parentheses.

4. Results and discussion

The crystal structure of the new borogermanate
Cee(BO4)>GegO», is built up from corner- and edge-sharing
GeOg¢-octahedra, which are furthermore connected via
corner-sharing BOy-tetrahedra. Fig. 1 gives a view of the
structure of Ceg(BO4),GegO,,, where the GeOg-octahedra
and BOy-tetrahedra are represented as light and dark
polyhedra, respectively. The remaining voids inside the
polyhedral arrangement are filled with cerium ions. Fig. 2
offers a more detailed view of the linkage between
octahedra and tetrahedra in the ac-plane. In detail, six
octahedra are edge-linked to form a GegO-4-group, and
three octahedra are connected via common corners to
generate a Ge3O;4-group. These groups are connected
among each other and additionally interconnected by BOy4-
tetrahedra to result in a network structure from GeOg-
octahedra and BOy-tetrahedra. Fig. 3 shows the coordina-
tion of the three crystallographically distinguishable cerium
ions. They are coordinated by 11 (Cel) and 9 (Ce2 and
Ce3) oxygen atoms in a distance of 240-297 pm. These
values correspond to the distance range in the recently
published high-pressure meta-borate y-Ce(BO,);, where the
cerium cations are coordinated by 10 oxygen atoms in a
distance between 239 and 303 pm with an average value of
265.8 pm [5]. Due to the pressure-coordination rule [50],
the high-pressure phases Ceg(BO4)>GegO,, and y-Ce(BO,);
possess high coordination numbers and large Ce-O
distances in contrast to known cerium borates like o-
Ce(BO,); [51] (C.N.: 10) with Ce-O distances of
236276 pm, A-CeBO5; [51] (C.N.: 9) with 239-272 pm,
H-CeBOs [51] (C.N.: 9) with 244-275 pm, and an oxide like

|'“|

R

Fig. 1. Crystal structure of Ceg(BO4),GegO,,, view along [100]. The
cerium cations are shown as large grey spheres and the oxygen atoms as
white spheres. The GeOg-octahedra and BOy-tetrahedra are given in the
polyhedral representation.

Ce,05 [52] (C.N.: 7) with 234-269 pm. A closer view of the
coordination sphere of Cel in Ceg(BO4)>GegO,, shows a
gap between the 10 nearest oxygen atoms ranging from
241279 pm and the 11th oxygen atom in a distance of
297 pm. Nevertheless, Madelung part of lattice energy
(MAPLE) calculations [53-55] confirmed the coordinative
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Edge linked
Ge,0,,-group .

) O
Corner shared
Ge,0,4-group

o

Fig. 2. Crystal structure of Ceg(BO4)>GegO,,, view along [010].

Fig. 3. Coordination spheres of the Ce®" ions in the crystal structure of Ceg(BO4)2GegOxs.

contribution of this oxygen atom followed by the next
oxygen atom in a distance of 400pm, without any
coordinative contribution. In the case of Ce3, the gap is
much more pronounced (between 255 and 296 pm), but the
coordinative contribution of this oxygen is also confirmed
by the MAPLE calculations.

In the tetrahedral BOy-group, the B-O distances vary
between 147 and 155 pm. With the exception of the largest
value (155 pm), the B-O distances correspond well with the
known average value of 147.6 pm for borates [56,57]. Fig. 4
gives a view of the coordination sphere of O15, featuring
the large distance of 155pm to the boron atom. In fact,
015 is a three-coordinated oxygen atom OF!, possessing a
significantly longer distance to boron than two-fold
coordinated oxygen atoms. Three coordinated oxygen
atoms can be found in a few minerals like tunnelite
(SrBgOo(OH), - 3H,O) [58], strontioginorite ((Sr,Ca),Bi4
0,0(OH)g - SH,0) [59], aristarainite (Na,Mg[BgOg(OH)4], -

4H,0) [60], and synthetic borates like SrB,O, [61-63],
PbB4O; [62,64], and EuB4O; [65]. More often, O was
observed in high-pressure phases like f-ZnB,O; [66], f5-
CaB4O, [67], f-HgB4O7 [68], -RE(BO,)s [2,3], 7-RE(BO»);
[4,5], and the high-pressure modification of B,O3 [69] itself.
The corresponding average B-OF! distances in these
compounds range around 155 pm.

The O-B-O angles inside of the BOy-tetrahedra range
from 105° to 115° with an average value of 109.4°. The two
B-O-Ge angles and the Ge-O-Ge one at O™ are 137.2(6)°,
129.9(6)°, and 92.3(3)°, respectively (see Fig. 4). As far as
we know, Ceg(BO4)>GegO», is the first structure, in which a
three-fold coordinated oxygen atom, bonded to one boron
and two germanium atoms, was observed.

The Ge-O distances inside the GeOg octahedra range
from 178-207 pm with an average value of 190.3 pm, which
corresponds well with known average values of Ge-O
distances in GeOg-octahedra, e.g. 189.9pm in La,Ge;O0y
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Fig. 4. Environment of the three-fold coordinated oxygen atom in Ceg(BO4),GegOy,. Left: representation of the polyhedral environment of the three-fold
coordinated oxygen OFl. Right: distances and angles around oxygen fifteen (OP'). (Boron: black sphere; germanium: grey sphere; oxygen: light sphere.)

Table 5

Charge distribution in Ceg(BO4),GeygO,, calculated with the bond-length/bond-strength concept (V) [72,73] and the CHARDI concept (ZQ) [74]

Cel Ce2 Ce3 Gel Ge2 Ge3 Ge4 Ge5
0 +2.99 +2.96 +2.95 +3.96 +3.97 +3.74 +3.89 +4.17
XV +3.11 +2.53 +3.11 +4.20 +3.74 +4.09 +4.12 +3.98

(0] 02 03 04 05 06 o7 08
0 —1.90 -2.16 —1.98 -2.07 —2.11 —1.98 -2.07 —1.86
XV —1.76 —2.05 —2.00 —2.09 —2.06 —1.88 -2.10 —1.80

09 010 Ol1 012 013 Ol4 015 Bl
pNG) -2.15 -2.16 -2.13 —-2.13 -1.90 —1.91 —1.49 +3.24
Vv —-2.27 -2.03 -2.10 —2.09 —1.86 —1.82 —-1.77 +2.89

[70], 189.4pm in Ce,Ge;Oy [70], 188.5pm in rutile-type
GeO, [71], and 199.7 pm in NisGeB,Oq [41].

For better evidence, we calculated bond-valence sums for
Ces(BO4)»GeyO,, with the bond-length/bond-strength
[72,73] and charge distribution in solids (CHARDI)
concept (Table 5) [74]. The formal ionic charges of the
atoms, acquired by the X-ray structure analysis, are in
agreement within the limits of the concepts, except oxygen
fifteen, which shows values of —1.77 (£V) and —1.49 (£Q).
As shown in Fig. 4, this oxygen atom (O15) is coordinated
to one boron and two germanium atoms with relatively
high distances. This situation leads to lower values than
expected and can be compared to calculated values of
three-coordinated oxygen atoms O in former mentioned
borates like -ZnB,O- [66] (OF): —1.83 (ZV); —1.67 (ZQ)),
B-CaB,0O- [67] (OB —1.77 (ZV); —1.92 (Z0)), f-HgB,O;
[68] (OF): —2.06 (ZV); —1.83 (ZQ)), p-Er(BO,); [2] (OP):
—1.96 (ZV); —1.76(ZQ)), and y-Ce(BO,); [5] (OF: —1.91
(ZV); —1.62(ZQ)). These examples represent OF! atoms
exclusively coordinated by boron, whereas the OP! atoms
in Ceg(BO4),GeygO5, are linked to one boron and two
germanium atoms. Due to the higher distances between
germanium and oxygen (197.1(7) and 205.5(7) pm), com-

pared to the distance between boron and oxygen
(155(2) pm), the deviation from the expected value —2 is
larger than in the corresponding borates.

Additionally, we calculated the MAPLE value [53-55]
for Ceg(BO4)>GeyO», to compare it with the MAPLE value
from the binary components Ce,O3;, GeO,, and the high-
pressure modification B,Os-1I [3Ce,O; (14150 kI mol™")
[75]+9GeO, (rutile type; argutite) (14207 kJmol™")
[76]+ 1B,O5-11 (21938 kI mol™")] [69]. The deviation of
the calculated value of 191881kJmol™' for Ces(BO4),
Gey0,, differs only 0.2% compared with the MAPLE
value obtained from the binary oxides (192251 kJ mol™").

4.1. Thermal behaviour of Ces( BOy);GegO;;

Temperature-dependent X-ray powder diffraction ex-
periments were performed on a STOE Stadi P powder
diffractometer (Mo-Kao) with a computer-controlled STOE
furnace: The sample was enclosed in a quartz capillary and
heated from room temperature to 500 °C in steps of 100 °C,
from 500 to 1100 °C in steps of 50 °C, and back to 550 °C in
steps of 50 °C. At each temperature, a diffraction pattern
was recorded over the angular range 4°<20<20°. In the
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Fig. 5. Temperature-dependent X-ray powder patterns, following the decomposition reaction of the metastable high-pressure phase Ceg(BO4),GegO;.

temperature range 500°C to room temperature, no
diffraction data were received due to a mark capillary
breakage. Fig. 5 gives a view of the powder patterns, in
which the reflections of the borogermanate Cegs(BOj,),
Gey0sy, can be detected up to a temperature of 750 °C.
Further heating (750-1000 °C) led to a decomposition of
Cee(BO4)>GegO,, into the rare-carth germanate CeGeOy
[77]1, GeO, (argutite), B,O5 in its probably molten state,
and a phase, which is still unknown. Subsequent cooling to
550°C showed that all three phases endured. The reflec-
tions near 9° and 17° are artefacts from the furnace. From
these results, we presume that the high-pressure phase
Cee(BO4)>,GegO,, has a metastable character under ambi-
ent pressure conditions.

5. Conclusions

In this paper, we described the synthesis of the new
borogermanate Ceg(BO4)>,GegO,, via multianvil high-
pressure techniques from CeO,, GeO,, and B,O;. The
structure was solved from single-crystal data. Following
the pressure-coordination rule [50], the coordination
numbers of boron and germanium exhibit the highest
known values 4 and 6, respectively. In contrast to all
known borogermanates, we were able to realize the
simultaneous presence of BOy-tetrahedra in combination
with GeOg-octahedra inside the structure of Cegs(BOj4)s
Gey0O,, by use of high pressure. Additionally, a three-fold
coordinated oxygen atom O, linked to one boron and
two germanium atoms, was observed for the first time.
From these results, we think it possible to have access to
new high-pressure phases with interesting structural
features in the substance class of borogermanates.
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