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Ers(BO3),Fy was synthesized under conditions of 3 GPa and 800 °C
in a Walker-type multianvil apparatus. The crystal structure was
determined on the basis of single-crystal X-ray diffraction data,
collected at room temperature. Ers(BOs),Fy is isotypic to the
recently synthesized Ybs(BO;),Fy and crystallizes in C2/c with the

lattice parameters a = 2031.2(4) pm, b = 609.5(2) pm, ¢ =
824.6(2) pm, and S
RE5(BOs),Fg (RE = Er, Yb) including high temperature behaviour
and single crystal IR- / Raman spectroscopy were investigated.

100.29(3)°. The physical properties of
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Introduction

In the past years, the field of rare-earth fluorido- and
fluoride borates could be greatly extended by the application
of high-pressure / high-temperature techniques, leading to
the new compounds Ybs(BOs),Fy [1], PrsB;00F [2], and
GdB,O1F, [3].

Before we started our high-pressure / high-temperature
research, rare-earth fluorido- and fluoride borates were only
represented by the compounds RE;(BOj),F; (RE = Sm, Eu,
Gd) [4] and Gd,(BOs)F; [5], synthesized by heating a
stoichiometric mixture of RE,Os;, B,0s3;, and REF; under
ambient pressure conditions. There is a close relationship
between these two structure-types and the recently
discovered high-pressure  ytterbium fluoride borate
Ybs5(BOs),Fy [1]. All three compounds can be described via
alternating layers of the formal compositions “REBO;” and
“REF;” in the bc-plane. It should be emphasized that the
crystal structures of the actual compounds REBO; and REF;
can not be compared with the structures of the layers, so that
“REBO;” and “REF;” only stand for the formal composition
of the layers. We are now trying to substitute the Yb>* ions
of Ybs(BO;),Fy with other rare-earth cations to yield
isotypic REs5(BOs),Fy phases, different structures, or new
compositions dependent of the size of the rare-earth ion.

E.g., during our studies of high-pressure phases of the rare-
earth borates, the compounds RE4B4O;s (RE = Dy, Ho) [6-8]
were intensively investigated. Nevertheless, it was not
possible to obtain isotypical compounds with RE = Er, Tm,
Yb, or Lu. For these rare-earth elements, high-pressure /
high-temperature  experiments always yielded the
compounds RE;B;50,, (RE = Er-Lu) [9].

In analogy to these investigations of the rare-earth borates,
we are trying to define the formation region for the
composition REs(BO;),Fg.  While Ybs(BOs),Fy was
synthesized at 7.5 GPa [l], an isotypic erbium fluoride
borate Ers(BOs),Fy could be obtained now at a pressure of 3
GPa. This indicates that there is a large pressure region for
the formation of these high-pressure phases and the
application of similar synthetic conditions to neighbouring
rare-earth elements could thus lead to additional isotypic
compounds. Since it was possible to obtain Ers(BO;),Fo, the
existence of an isotypic thulium compound is more than
likely. Future studies will show, if the synthesis with larger
rare-earth cations is possible as well and at which point we
observe the formation of another structure type as in the
borate case. However, experiments on Ybs(BOs),Fy at
higher pressures (10 GPa) resulted already in the formation
of an apatite-structured compound, wherein all boron atoms
showed a fourfold coordination [10].

In this paper, we present the synthesis and structural
details of Ers(BOs),Fy in comparison to the isotypic phase
Ybs(BOs),Fy. Furthermore, several physical properties of the
compounds REs(BO3),Fy (RE = Er, Yb) are reported.

Experimental Section

To synthesize the compound Ers(BO;),Fo, high-pressure / high-
temperature conditions of 3 GPa and 800 °C were applied, starting
from Er,O; (Strem Chemicals, 99.9%), B,O; (Strem Chemicals,
99.9+%), and ErF; (Strem Chemicals, 99.+%) at equal molar ratios.
The starting materials were ground up and filled into a boron
nitride crucible (Henze BNP GmbH, HeBoSint® S100, Kempten,
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Germany). The compounds were compressed and heated via a
multianvil assembly, based on a Walker-type module and a 1000
ton press (both devices from the company Voggenreiter, Mainleus,
Germany). Eight tungsten carbide cubes (TSM-20, Ceratizit,
Reutte, Austria) compressed the boron nitride crucible, which was
positioned inside the centre of an 18/11 assembly. A detailed
description of the assembly can be found in reference [11].

The 18/11 assembly was compressed up to 3 GPa in 1.25 h and
heated to 800 °C (cylindrical graphite furnace) in the following 10
min, kept there for 20 min, and cooled down to 600 °C in 20 min at
constant pressure. After natural cooling down to room temperature
by switching off the heating, a decompression period of 3.75 hours
was required. Then the recovered octahedral pressure medium
(MgO, Ceramic Substrates & Components Ltd., Newport, Isle of
Wight, UK) was broken apart and the sample carefully separated
from the surrounding graphite and boron nitride. Pink air- and
water-resistant crystals of Ers(BOj3),Fy were obtained.

Crystal Structure Analysis

The sample was characterized by powder X-ray diffraction, which
was performed in transmission geometry on a flat sample of the
reaction product, using a STOE STADI P powder diffractometer
with MoK, radiation (Ge monochromator, 2 = 71.073 pm). The
powder pattern showed reflections of Ers(BO3),Fy and of u-ErBO;
[12] as a by-product of the synthesis (Figure 1). The experimental
powder pattern tallied well with the theoretical pattern of
Ers(BOs),Fy, simulated from single-crystal data. Indexing the
reflections of the erbium fluoride borate, we got the parameters a =
2033.0(3) pm, b = 610.6(3) pm, and ¢ = 825.5(4) pm, with § =
100.29(6)° and a volume of 1008.2(9) A’. This confirmed the
lattice parameters, obtained from single-crystal X-ray diffraction
(Table 1).

100.0
80.0 1
60.0 1

40.0 1

200 Pl

l
0.0 10.0 l 20.0 ‘ 30.0 40.0
2Theta (°) (MoKa, A= 71.073 pm)

Figure 1. Experimental powder pattern of Ers(BOs),Fy in
comparison to the theoretical powder pattern beneath, based on
single-crystal diffraction data. Reflections of u-ErBO; are marked
with lines.

Relative Intensity (%)

Intensity data of a single-crystal of Ers(BO3),Fy were collected at
room temperature by use of a Kappa CCD diffractometer (Bruker
AXS / Nonius, Karlsruhe), equipped with a Miracol Fiber Optics
Collimator and a Nonius FR590 generator (graphite-
monochromatized MoK, radiation, 4 = 71.073 pm). An absorption
correction, based on multi-scans [13], was applied to the data set.

All relevant details of the data collection and evaluation are listed
in Table 1.

Table 1. Crystal data and structure refinement of Ers(BO3),Fy

Empirical Formula Ers(BOs),Fy
Molar mass (g-mol™) 1124.92

Crystal system monoclinic
Space group C2/c (No. 15)
Lattice parameters from powder data

Powder diffractometer STOE STADI P
Radiation MoK,; (A ="71.073 pm)
a (pm) 2033.0(3)

b (pm) 610.6(3)

¢ (pm) 825.5(4)

p (deg) 100.29(6)
Volume (A% 1008.2(9)

Single-crystal data

Single-crystal diffractometer Bruker AXS / Nonius Kappa

CCD
Radiation MoK, (A =71.073 pm)
a (pm) 2031.2(4)
b (pm) 609.5(2)
¢ (pm) 824.6(2)
p (deg) 100.29(3)
Volume (A%) 1004.4(3)
Formula units per cell 4
Temperature (K) 293(2)
Calculated density (g-cm™) 7.44

Crystal size (mm?®) 0.03 x 0.02 x 0.02
Absorption coefficient (mm™) 41.49

F (000) 1916
Hrange (deg) 20<60<379
Range in h k / -33/34, £10, -14/12

Total no. reflections 7955

Independent reflections 2700 (R;, = 0.0382)
Reflections with I > 2a(I) 2315 (R;=0.0389)
Data / parameters 2700/102
Absorption correction Multi-scan [13]
Goodness-of-fit (F*) 1.062

Final R indices (I > 2a(1)) R1=0.0289
wR2 =0.0530

R indices (all data) R1=0.0384
wR2 =0.0558

Largest differ. peak / deepest 2.71/7-2.55

hole (e/A)

The structure solution and the parameter refinement (full-matrix
least-squares against F*) were successfully performed, using the
SHELX-97 software suite [14,15] with anisotropic atomic
displacement parameters for all atoms. According to the systematic
extinctions, the orthorhombic space groups C2/c and Cc were
derived. The structure solution in C2/c (no. 15) succeeded. The
final difference Fourier syntheses did not reveal any significant
residual peaks in all refinements. The positional parameters of the
refinements, anisotropic displacement parameters, interatomic
distances, and interatomic angles are listed in the Tables 2-5.
Further information of the crystal structure is available from the
Fachinformationszentrum Karlsruhe (crysdata@fiz-karlsruhe.de),
D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the
Registry No. CSD-421469.
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Table 2. Atomic coordinates and isotropic equivalent displacement

parameters (Ueq / A?) for Ers(BO;),Fy (space group: C2/c). Wyckoff

sites are 4e for Er3 and F3 and 8f for all other atoms. U, is defined
as one-third of the trace of the orthogonalized Uj; tensor.

Atom X y z U,

Erl 0.30661(2) 0.11935(3) 0.18057(2) 0.00619(5)
Er2 0.39031(2) 0.38886(3) 0.59380(2) 0.00770(5)
Er3 %) 0.11138(5) Y% 0.00783(6)
B1 0.3884(3) 0.902(2) 0.4368(8) 0.014(2)
01 0.4087(2) 0.7605(6)  0.5638(4) 0.0080(6)
02 0.3392(2) 0.0678(7)  0.4620(4) 0.0123(7)
03 0.4082(2) 0.1054(6)  0.7829(4) 0.0081(6)
F1 0.2890(2) 0.4245(5)  0.0195(4) 0.0089(5)
F2 0.3683(2) 0.5761(5)  0.8143(4) 0.0107(5)
F3 %) 0.4892(7) Y 0.0134(8)
F4 0.2752(2) 0.7781(5)  0.2150(4) 0.0128(6)
F5 0.4693(2) 0.1849(6)  0.5136(5) 0.0192(7)

Results and Discussion
Crystal Structure of Ers(BO;),Fy

The structure of Ers(BOs;),Fy consists of isolated BOs-
groups, erbium cations, and fluoride anions (Figure 2). The
arrangement can be described via alternating layers of the
formal compositions “ErBO;” and “ErF;”, spreading into the
bc-plane. For a more detailed description of the structure,
including a comparison to the related structures of
RE5(BO3),F; (RE = Sm, Eu, Gd) [5] and Gdy(BO;)F; [6], the
reader is referred to the description of the isotypic
compound Ybs(BO;),Fy (ref. [1]). In this paper, we briefly
compare the main features of the compounds.

Table 3. Interatomic distances (pm) in Ers(BOs),Fy, calculated with
the single-crystal lattice parameters.

Erl-O2a 231.84) Er2-03  231.2(3) Er3-O1  232.2(4)
Erl-O2b 232.7(4) Er2-01  231.6(4) (2 %)
Erl-03  249.6(4) Er2-02  238.4(4) Er3-03  234.0(3)
Erl-O1  254.5(4) Er2-F5  222.2(4) (2 %)
Erl-Fda 2209(3) Er2-F2a 225.83) Er3-F3  230.3(5)
Erl-F4b  222.4(3) Er2-F2b 227.8(3) Er3-F5a 240.8(4)
Erl-Fla 227.633) Er2-F1  233.6(3) (2 %)
Erl-Flb  232.83) Er2-F3  248.0(2) Er3-F5b 264.9(4)
Erl-F2  239.6(3) Er2-F4 288.8(4) (2 %)
BI-O1  136.4(7)

BI-03  139.8(7)

BI-02  146.18) ©=140.8

Fl-Erla 227.6(3) F2-Er2a 225.83) F3-Er3  230.3(5)
FI-Er2  233.6(3) F2-Er2b 227.8(3) F3-Er2  248.02)
Fl-Erlb 232.8(3) F2-Erl  239.6(3) (2 %)
F4-Erla  2209(3) F5-Er2  222.2(4)

FA-Erlb  222.4(3) F5-Er3a  239.2(5)

FA-Er2  288.8(4) F5-Er3b 264.9(4)

ZAAC
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Figure 2. Crystal structure of Ers(BOs),Fy, showing isolated BO;-
groups.

With a = 2031.4(2) pm, b = 609.5(2) pm, and ¢ = 824.6(2)
pm, the lattice parameters of Ers(BO;),F, are slightly larger
than those of Ybs(BOj3),Fy (a = 2028.0(2), b = 602.5(3), and
¢ = 821.5(5) pm). This can be ascribed to the slightly larger
size of Er’* (jonic radius = 120 pm for a ninefold

coordination [16]), compared to Yb* (ionic radius = 118
pm for coordination number nine [16]). Since the size
difference is marginally, no greater deviances of the bond
lengths and angles are observed. In both compounds, each
of the three crystallographically independent rare-earth
cations exhibits a coordination number of nine. In
Er;(BO;),Fy, we find Er—O/F distances in the range of
231.2(3) — 288.8(4) pm, which tally well with the values
obtained for the Yb-O/F distances in Ybs(BOs3),Fy
(227.4(5) to 294.2(5) pm). Focussing on the coordination
spheres of the fluoride ions, we find a coordination number
of three for all fluoride ions in the two isotypic compounds.
In Ybs(BOj),Fy, the F-Yb distances are slightly shorter
than the F-Er bond lengths in Ers(BO;),Fs, which agrees
with the slight size difference of the cations.

Inside the BO;-groups, the B—O distances of Ers(BO;),Fy
vary between 136.4(7) and 146.1(8) pm (Table 3). The B—
O bond lengths tally with those in Ybs(BOj3),Fy (between
138.7(10) and 148.0(12) pm). The unusually large B-O2
bond of 148 pm, observed in Ybs(BO;),F,, is slightly
shorter in the erbium compound (146.1(8) pm), but still
exeeds typical bond lengths in BOs-groups, which are

3

Wiley-VCH



©CoO~NOUTA,WNPE

ZAAC

usually in a range around 137 pm, e.g. in borates with a
calcite structure (AIBO; (137.96(4) pm) [17], S-YbBO;
(137.8(4) pm) [18], and FeBO; (137.9(2) pm) [19]).

Table 4. Interatomic angles (deg) in Ers(BO;),Fo, calculated with
the single-crystal lattice parameters.

01-B1-03 125.4(5) Erla-F1-Er2 101.9(2)
01-B1-02 116.7(5) Erla-F1-Erlb 110.1(2)
03-B1-02 117.9(5) Er2-F1-Erlb 145.7(2)
0 =120.0 0 =119.2
Er2a-F2-Er2b 146.2(2) Er3-F3-Er2a 107.4(2)
Er2a-F2-Erl 100.6(2) Er3-F3-Er2b 107.4(2)
Er2b-F2-Erl 112.6(2) Er2a-F3—-Er2b 145.1(2)
?=119.8 9 =120.0
Erla-F4-Erlb 135.4(2) Er2-F5-Er3a 133.6(2)
Erla—F4-Er2 91.0(2) Er2-F5-Er3b 104.5(2)
Er1b-F4-Er2 133.4(2) Er3a-F5-Er3b 118.2(2)
?=199.9 0 =118.8

In analogy to Ybs(BOs),Fs, we have calculated the charge
distribution of the atoms in Ers(BOj),Fy via bond valence
sums (2V) with VaList (Bond Valence Calculation and
Listing) [20] and with the CHARDI concept (2Q) [21-23],
confirming the formal valence states in the fluoride borate.
Table 5 displays the results of the formal ionic charges of
the atoms, which are in agreement within the limits of both
concepts. In Ybs(BO;),F,, the bond valence sums for the
boron atom were extraordinarily low (2V = 2.59), due to the
large B—O2 bond present in the structure. Since the boron
bond lengths are shorter in Ers(BO;),Fy, we now obtain a
better value of 2V = 2.73 for B1. Furthermore, we have
calculated the MAPLE value (Madelung Part of Lattice
Energy according to Hoppe [24-26]) of Ers(BO;),Fy to
compare it with the sum of the MAPLE values for the
underlying binary components, namely the high-pressure
modification of Er,0O; [27], the ambient-pressure
modification of B,0; (B,Os-I) [28], and ErF; [29]. We
obtained a value of 53879 kJ/mol in comparison to
53240 kJ/mol (deviation: 1.2 %), starting from the binary
components [l X Er,0O; (15283 kJ/mol) + 1 x B,03-1
(20626 kJ/mol) + 3 x ErF; (17331 kJ/mol)].

Table 5. Charge distribution in Ers(BOs),Fy, calculated with VaList
(2V) [20] and the CHARDI concept (2Q) [21-23].

Erl Er2 Er3 B1
PAY 3.09 294 270 273
2Q 3.06 2.92 3.05 3.00

01 02 03 F1
PAY 206 -194 -199 -0.96
2Q -220  -1.80 -195 -1.10

F2 F3 F4 F5
PAY -1.01  -0.76 -093 -0.81
2Q -1.14  -0.88 -091 -095

Elemental analyses

Since it is nearly impossible to distinguish between
fluoride ions and hydroxyl groups by means of electron
density or bond lengths, we performed elemental analyses
on our samples of RE5(BOs),Fy (RE = Er, Yb) to assure the
atom assignments in both structures. EDX measurements
were performed on a JEOL JSM-6500F scanning electron
microscope, equipped with a field emission gun at an
acceleration voltage of 16 kV. Samples were prepared by
placing single crystals of both phases on adhesive
conductive pads and subsequently coating them with a thin
conductive carbon film. Each EDX spectrum (Oxford
Instruments) was recorded with the analyzed area limited on
one single crystal to avoid the influence of possibly
contaminating phases. The crystals of Ers(BO;),Fy showed
average atomic compositions (theoretical values in brackets)
of Er 63.1 (74.3) wt%; B 8.9 (1.9) wt% ; O 9.3 (8.5) wt% ; F
18.7 (15.2) wt%. For Ybs(BO;),Fy, average compositions
(Wt%) of Yb 70.7 (75.0) wt% ; B 4.6 (1.9) wt% ; O 8.4 (8.3)
wt% ; F 16.3 (14.8) wt% were obtained. Due to the light
weight of boron, measurements have to be taken with
caution, but still, these results confirm the presence of all
elements and the composition, obtained from the single
crystal structure determination.

Furthermore, the composition of Ybs(BO;),Fy was
confirmed by chemical analysis with a JEOL JXA-8100
electron microprobe. The sample was prepared by
embedding bulk material in epoxy resin and polishing with
diamond polishing paste. Analytical conditions were a 15
kV acceleration voltage and a 20 nA beam current with
measurement times of 40 sec on the peaks and 20 sec on the
backgrounds of the O-K,, F-K,,, and Yb-L, X-ray lines. SiO,,
Al,Si0O4F,, and YbsPsO4 were used as standards for O, F,
and Yb, respectively, and the raw counts were corrected
with the ZAF correction procedure. Boron could not be
determined quantitatively with the electron microprobe due
to its low concentration. An average of 3 analyses on three
different crystals yielded (theoretical values in brackets): Yb
74.440.2 (75.0) wt%; O 8.6x£0.4 (8.3) wt%; F 14.5+0.6
(14.8) wt%.

Physical Properties of REs(BOs),Fy (RE = Er, Yb)
UVis spectroscopy of Ybs(BO3),Fy

The electronic absorption spectrum of Ybs(BO;),Fy was
measured at 293 K in the nir/vis/UV (5800 — 28000 cm™,
step-width AA(UV/vis) = 1 nm, AA(nir) = 2 nm), using a
strongly modified CARY 17 microcrystal spectrophotometer
(Spectra Services, ANU Canberra, Australia). Details of the
spectrometer have already been described in literature [30,
31]. A polycrystalline agglomerate with dimensions 0.2 x
0.2 x 0.05 mm” was selected for the investigation. The noisy
spectrum (Fig. 3) results from the small size and rather
modest optical quality of the agglomerate. The reference
intensity was measured with a pinhole instead of the crystal
mounted on an aperture. The electronic absorption spectrum
of a polycrystalline agglomerate of Ybs(BO;),Fy shows the
transition 2F7,2 - 2F5/2, expected for Yb™ at v ~ 10400 cm™
[32]. Due to weak ligand-field interaction, the signal is split
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into a sharp peak at ¥ = 10236 cm™ and a broader shoulder
at v = 10660 cm.

Figure 3. Electronic absorption spectrum of a polycrystalline
agglomerate of Ybs(BOs),F.
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IR spectroscopy

FTIR absorbance spectra of single crystals of REs(BO;),Fy
(RE = Er, Yb) were measured in transmitted, polarized light
on a BaF, plate using a BRUKER VERTEX 70
spectrometer, attached to a HYPERION 3000 microscope, a
MIR light source, and a LN-MCT detector. Spectral
resolution was ~ 4 cm™'. Minimum-maximum normalization
was done by the OPUS 6.5 software (BRUKER). In Figure
4, the spectra of both compounds are displayed. The
absorptions of Ybs(BO;),Fy (Fig. 4, bottom) correspond to
the absorptions measured on the bulk material (Ref. [1]). In
the IR-spectrum of the isotypic erbium compound (Fig. 4,
top), the absorption bands are slightly shifted to higher
wavelengths. The absorption patterns of the IR spectra are
typical for borates exhibiting triangular BOs-groups [1, 33,
34]. Below 600 cm’! for Ybs(BOs),Fy and below 650 cm’!
for Ers(BO;),Fy, bands are evoked by the in plane bending
(v4) of the BOj-groups. The strong and usually sharp
absorptions derived from the out of plane bending (v,) of the
trigonal ion occur in the range of 600 — 780 cm™ for
Ybs5(BO3),Fy and 650 - 850 cm™ for Ers(BOs),Fs. According
to the crystalline environment, the absorption bands between
800 - 950 cm™ for Ybs(BO3),Fy and 900 - 1000 cm’! for
Ers(BO;),Fy can be classified as symmetric stretching
vibrations (v;). Asymmetric stretching vibrations (v3) of the
BOs-groups are assigned in the areas of 1150 - 1400 cm™ for
Ybs(BO5),Fs and of 1200 - 1500 cm™ for Ers(BOs),Fo.
Interestingly, two bands between 3400 and 3600 cm™ were
detected in the single crystal spectra of REs(BOs),Fy (RE =
Er, Yb) (Figure 5), which were not present in the
corresponding spectrum of dried bulk Ybs(BO;)Fy [1].
Bands in this range usually indicate OH-groups in water-
containing borates. The substitution of fluoride with
hydroxyl groups is a problem commonly known from
fluoride borates [3, 4].
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Figure 4. FTIR absorbance spectra of single crystals of
Er5(‘BO3)2F9 (top) and Ybs5(BO;),F, (bottom) in the range 550-2000
cm .
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Figure 5. FTIR absorbance spectra on single crystals of
Er5(BO3)%F9 (top) and Ybs(BOj;),Fy (bottom) in the range 3000-
4000 cm™.

The single crystals, which were examined via IR
spectroscopy, have been exposed to air and humidity and
were not dried under high vacuum like the bulk material of
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Ybs(BOs),Fy. Thus, the exchange of fluoride with OH-
groups occurs due to hygroscopic alteration. In apatites, the
exchange of hydroxyl and fluoride ions was previously
observed and studied [35, 36].

Raman spectroscopy

Raman spectra of single crystals of RE5(BO;),Fy (RE = Er,
Yb) were measured without polarizers in the range 100 -
1600 cm’, using a HORIBA LABRAM HR-800 confocal
micro-spectrometer and a 785 nm diode laser. Laser focus
and power on the sample surface was ~1 pm and ~10 mW,
respectively. De;l)th resolution was ~4 pm, spectral
resolution ~6 cm™'. Wavenumber accuracy of ~3 cm’ was
achieved by regularly adjusting the zero-order position of
the grating and checked by a Neon calibration lamp. Third
order polynomial background subtraction, normalization and
band fitting by Gauss-Lorentz functions were done by the
LABSPEC 5 software (HORIBA). Some glue contamination
cannot be excluded.

10

T T T T T
500 1000
wavenumber (cm'1)

|
1 500

Figure 6. Raman-spectra on single crystals of Yb5(BO3)2F9 (top)
and Er5(BOs),Fy (bottom) in the range 100-1600 cm’!

The Raman spectra of the isotypic compounds
RE5(BO;),Fy (RE = Er, Yb) are quite similar with the most
intense bands < 500 cm™ and the narrow, “isolated” band at
~940 cm™ (Figure 6). Above 1000 cm™, one broad band for
Ybs(BOs),Fy and several broader bands for Ers(BOs),Fy are
observed. Bands around 900 cm™ in borates are usually
assigned to stretching modes of BO4 tetrahedra whereas
BOs-groups are expected > 1100 cm™ [4, 37 — 42]. However,
in hydrated monoborates very intense bands at 882 and 501
cm’ were observed and assigned to symmetric stretching
vibrations of the isolated BO;-groups [39]. The unusually
large variation of B—O distances inside the BOs-groups (see
above) might account for the comparatively low
wavenumber and the large wavenumber range of these

A

Temperature (°C)

bands. Bands < 500 cm” can be assigned to bending and
stretching vibrations of the isolated BO;-groups, RE-O, RE-
F, F—O bonds, and lattice vibrations.

Thermal behaviour of Ybs(BOs),Fg

In situ X-ray powder diffraction experiments were done
on a STOE STADI P powder diffractometer [MoK,
radiation (4 = 71.073 pm)] with a computer controlled
STOE furnace: The sample was enclosed in a silica capillary
and heated from room temperature to 500 °C in 100 °C steps,
and from 500 °C to 1100 °C in 50 °C steps. The heating rate
was set to 40 °C/min. Afterwards, the sample was cooled
down to 500 °C in 50 °C steps, and from 500 °C to room
temperature in 100 °C steps (cooling rate: 50 °C/min). After
each heating step, a diffraction pattern was recorded over
the angular range 3° <26<40°. The temperature-dependent
X-ray powder diffraction experiment on Ybs(BOs3),F
indicated a decomposition and subsequent phase changes of
the decomposition products (Figure 7). Successive heating
of Ybs(BO;),Fy in the range of 650-850 °C resulted in a
decomposition into a mixture of z-YbBOj; [43] and another
still unidentified phase. Further heating led to a
transformation of 7z-YbBO; into the high-temperature
polymorph x-YbBO; [43] in the range of 900-1100 °C.
Additionally, reflections of YbF; and a formation of the
silicate Yb,Si,0; [44] were observed. The latter was formed
by a reaction with the silica capillary, which is known to
happen occasionally. Subsequent cooling showed a
complete retransformation into the low-temperature
polymorph 7-YbBOj; below 500 °C. The formation and
transformation of 7z-YbBO; into the high-temperature
polymorph u-YbBO; and back have been often observed in
temperature-dependent X-ray powder diffraction
experiments of ytterbium borates, e.g. with Yb;B50,, [9].

254 ‘
2004 ’ ’ ] |
4004 |
5501
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850
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8501 ‘ | | | | “
750 l‘

7-YbBO,

1-YbBO, + Yb,Si,0,
+ YbF,

-YbBO, + 2
N Yby(BO,),F, +7-YbBO,

Ybs(BO;),Fg

650+

s50] . |
400

2004 l

25

30.0 40.0
(MoK, A =71.073 pm)
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Figure 7. Temperature-dependent X-ray powder patterns, following
the decomposition reaction of Ybs(BOs),F.

Conclusions

The successful syntheses of Ybs(BO3),Fy (7.5 GPa) and the
isotypic erbium fluoride borate Ers(BO;),Fy at a pressure of
3 GPa suggest a large formation region for these high
pressure phases. The application of similar synthetic
conditions to neighbouring rare-earth elements could lead to
additional isotypic compounds and will be studied in the
future. However, in the case of RE* = Yb3+, experiments at
higher pressures (10 GPa) resulted in the formation of an
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apatite-structured compound, wherein all boron atoms
showed a fourfold coordination [10].
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