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Abstract

This paper reports about two new hydrogen-containing rare-earth oxoborates RE4BsO4(OH), (RE= Dy, Ho) synthesized under
high-pressure/high-temperature conditions from the corresponding rare-earth oxides, boron oxide, and water using a Walker-type
multianvil equipment at 8 GPa and 880°C. The single crystal structure determination of Dy4sBsO14(OH), showed: Pbcn,
a=1292.7(2), b =437.1(2), ¢ =887.32)pm, Z =2, Rl =0.0190, and wR2 = 0.0349 (all data). The isotypic holmium species
revealed: Pbcn, a = 1292.8(2), b = 436.2(2), ¢ = 887.1(2)pm, Z =2, R1 = 0.0206, and wR2 = 0.0406 (all data). The compounds
exhibit a new type of structure, which is built up from layers of condensed BO,-tetrahedra. Between the layers, the rare-earth cations
are coordinated by 7+2 oxygen atoms. Furthermore, we report about temperature-resolved in situ powder diffraction

measurements, DTA/TG, and IR-spectroscopic investigations into RE4B¢O,4(OH), (RE= Dy, Ho).

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In the last years, the focus of our interest was pointed
towards the discovery of new metastable high-pressure
phases in the area of anhydrous rare-carth oxoborates.
The installation of a multianvil equipment at the
Department Chemie of the Ludwig-Maximilians-Uni-
versity Munich (Germany) enabled us to perform
systematic investigations in this field, taking advantage
of increased pressure- and temperature-ranges [1,2].
Next to the synthesis of new polymorphs like y-REBO3
(RE=Dy, Ho, Er), which contain layers built up from
non-cyclic [B;0o]° -anions [3] or new meta-oxoborates
like RE(BO,); (RE=Dy-Lu) [4], we were able to
synthesize new compositions like RE4;BsO5 (RE=Dy,
Ho) [5-7], -RE>B409 (RE=Eu, Gd, Tb, Dy) [8,9], and
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B-RE>B4Og [10] under extreme high-pressure/high-tem-
perature conditions. In the cases of RE4BsO,5 (RE= Dy,
Ho) and «-RE,;B4O9 (RE=Eu, Gd, Tb, Dy) the new
structural motif of edge-sharing BOy-tetrahedra was
observed for the first time.

Research on the formation-range of the rare-earth
oxoborates RE;BsO,5 (RE=Dy, Ho) led to the under-
standing that for the synthesis of Dy4B¢O;5 a minimum
pressure of 7 GPa and a temperature larger than 1000 °C
were necessary. In the range 5-7 GPa, the system
favored the formation of «-Dy,B4O9 [9]. Additionally,
we observed different reaction products, when tempera-
ture was lowered beneath 1000°C (at 8§ GPa). By
a skilful adjustment of the synthetic parameters, it
was possible to synthesize new hydrogen-containing
products with the composition RE;BsO14(OH),
(RE=Dy, Ho).

The search for hydrogen containing rare-earth ox-
oborates succeeded only in a few cases, e.g., hydrated
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meta-oxoborates with the composition RE(BO,); - 6H,O
were precipitated by mixing 0.1 N solutions of rare-
earth chlorides RECl; (RE=Y to Yb, except Pm, Eu,
Tb, and Tm) and Na,B4,0O, at pH 6.6-6.8 and dried at
60 °C [11]. Further heating (80 °C) of the hexahydrates
resulted in the formation of tetrahydrates RE(BO,);-
4H,0 [12]. No structural information is available about
these phases. Recently, Lin et al. [13] reported the
synthesis of hydrated rare-earth oxoborates with the
composition REBsOy(OH); (RE=Sm-Lu), using mol-
ten boric acid as reaction medium. The crystal structures
contain a six-membered ring B¢O;5 as a fundamental
fragment. In a following publication, Lin et al. reported
about two additional hydrated phases with the composi-
tions REBgO] 1(0H)5 (RE: La—Nd) and REB9013(OH)4
(RE=La-Nd)-2H,0O [14]. They annealed these hy-
drated polyborates at moderate temperature to anhy-
drous pentaborates with the composition a-REBsOg for
RE=Pr-Eu and p-REBsO¢ for RE=La, Ce. In all
mentioned hydrated phases it was not possible to locate
the hydrogen atoms from the structure refinements.

In this paper, we report about the syntheses,
structures, and properties of the new rare-earth oxobo-
rates RE;BcO14(OH), (RE=Dy, Ho). These phases
represent hydrogen-containing intermediate phases on
the way to the formation of the hydrogen-free high-
pressure oxoborates RE4B¢O;5 (RE=Dy, Ho).

2. Experimental part

According to Eq. (1), the new compounds
RE4BgO14(OH), (RE=Dy, Ho) were synthesized from
Dy,03 (99.9%, Sigma-Aldrich, Taufkirchen), B,O;
(from H3BO; (99.8%, Merck, Darmstadt) fired at
600 °C), and water:

2RE>O; +3B,03 + H0  "2%*  RE,B4O14(OH),
880°C, 10 min
(RE = Dy, Ho). (1)

As dysprosium oxide and boron oxide were mixed
thoroughly under air, the water added itself by partial
hydrolysis of the boron oxide. Alternatively, water was
added using a micropipette. Each mixture was loaded
into a 3.66 mm outside diameter, 0.33mm wall thick-
ness, and 6.0mm length hexagonal boron nitride
cylinder, that was sealed by a BN plate. The sample
cylinder was placed into the center of a cylindrical
resistance heater (graphite), that had a wvariable
(stepped) wall thickness in order to minimize the
thermal gradient along the sample [15-17]. MgO rods
filled the space at the top and the bottom of the sample.
A cylindrical zirconia sleeve surrounding the furnace
provided thermal insulation. As pressure medium,
Cr,05-doped MgO octahedra (Ceramic Substrates &

Components LTD., Isle of Wight) with an edge length
of 18 mm were used. A hole was drilled in the
octahedron, the cylindrical assembly positioned inside
and contacted with a molybdenum ring at the top and a
molybdenum plate at the bottom. The experimental
temperature was monitored using a Pt/Ptg;Rh ;3 thermo-
couple, that was inserted axially into the octahedral
assembly, the hot junction in contact with the boron
nitride cylinder. Eight tungsten carbide cubes, separated
by pyrophyllite gaskets (Plansee, Reutte, TSM10, edge
length: 32 mm), with a truncation of 11 mm were used to
compress the octahedron (“18/11 assembly” in conven-
tional terminology) via a modified Walker-style split-
cylinder multianvil apparatus [1,2]. For further details
of the Walker-type module and multianvil experiments
see [15-17].

For the synthesis of RE;BsO4(OH), (RE=Dy, Ho)
the assemblies were compressed in 3h to 8.0 GPa and
heated up to 880°C in the following 10min. After
holding this temperature for 10 min, the samples were
quenched to room temperature. After decompression
the recovered experimental octahedrons were broken
apart and the samples carefully separated from the
surrounding BN. The products were obtained as
coarsely crystalline solids (yield: 50mg per run).
Dy4BsO14(OH), is colorless, whereas the color of
Ho4BsO4(OH), depends on the light source. In day-
light, Ho4BsO14(OH), has a light beige color, while in
the laboratory (neon lamps) it appears bright pink
(Alexandrite-effect) [18].

In principle, the described hydrogen containing
components RE;BsO4(OH), (RE=Dy, Ho) represent
intermediates on the way to the hydrogen free rare-earth
oxoborates RE4BsO;5 (RE=Dy, Ho) [5-7] by elimina-
tion of water (Eq. (2)):

RE4Bs014(OH), (RE = Dy, Ho) 8'%f‘j‘ciebw@o,5
- To

(RE = Dy, Ho) + H,O. ©)

In a series of 22 experiments, starting with the
composition Dy,03:B,03=2:3 thoroughly mixed under
air, we were able to find out the optimal conditions for
the synthesis of the hydrogen containing oxoborate
Dy4B¢O14(OH),. The systematic analysis of the X-ray
powder patterns exhibited different stability ranges
depending on pressure and temperature. The follow-
ing trends were observed: for the synthesis of
Dy4Bs014(OH), a minimum pressure of 7.7 GPa was
necessary. Beneath this pressure, we observed the
formation of S-Dy,B4O¢ [10] next to =-DyBO; [19].
Increasing the pressure up to 10 GPa had no significant
effect on the synthesis in contrast to the variation of
temperature. Temperatures larger than 1000°C led
directly to the hydrogen free component Dy,BsO;s.
Lowering the temperature in the area of 900-950 °C led
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to a phase mixture between Dy;B¢O;s and Dy,Bg
0,4(OH),. By further lowering into the temperature
range of 850-900°C, we obtained nearly exclusively
Dy4BcO14(OH),.

Next to the temperature range, there exists another
dependence upon the heating time. Short times (2 min
at 1000°C) brought mixtures of Dy,BsO;5 and
Dy4B¢O14(OH),, whereas long times (10min at
1000 °C) led to Dy4BgO;s, confirming the progress of
the decomposition-reaction (Eq. (2)). Knowing this,
the direct synthesis of Dy4BsO4(OH), and the isotypic
phase Ho4BsO4(OH), succeeded directly at 8 GPa and
880 °C (10 min) without any problems.

All these observations confirm that the new rare-earth
oxoborates RE4BsO4(OH), (RE=Dy, Ho) represent
tangible intermediate stages on the way to RE4B¢O;s
(RE=Dy, Ho).

3. Crystal structure analysis

The powder diffraction data of RE;BcO;4(OH),
(RE=Dy, Ho) were collected on a STOE Stadi P
powder diffractometer with monochromatized CuKo
radiation. The pattern of DysBgO14(OH), exhibited
a second phase, which was identified as y-DyBO; [3].
In the case of Ho4B¢O.4(OH),, the powder pattern
showed additional reflections, which could not be
assigned until now. The corresponding reflections
of the phases RE;BsO14(OH), (RE=Dy, Ho) were
indexed with the program TREOR [20]. The lattice
parameters  (DysBgO14(OH),:  a=12939(22), b=
437.54(4), ¢ =888.25(9)pm; Ho4BsO14(OH),: a=
1292.6(2), b = 436.22(3), ¢=887.11(7)pm (Table 1))
were obtained from least square fits of the powder data.
The correct indexing of the pattern was ensured by
intensity calculations [21], taking the atomic positions
from the structure refinements. The lattice parameters
determined by the powders and the single crystals
agreed well (Table 1).

Small single crystals were isolated by mechanical
fragmentation and examined by Buerger precession
photographs from both phases. Single crystal intensity
data were collected from regularly shaped crystals at
293K by use of an Enraf-Nonius Kappa CCD,
equipped with a rotating anode (MoKo radiation
(A=171.073pm)). A numerical absorption correction
(HABITUS [22]) was applied to the data. All relevant
information concerning the data collections are listed in
Table 1. In the case of Dy;BsO14(OH), the measurement
took place with double redundancy, so the total number
of measured reflections is about twice as high as in the
case of HoyBsO4(OH),. According to the systematic
extinctions 0k/ with k+2n, h0/ with [#2n, and hk0 with
h + k #2n, the space group Pbcn (No. 60) was derived.
The starting positional parameters were deduced from

an automatic interpretation of direct methods with
SHELXS-97 [23], and all non-hydrogen atoms were
refined successfully with anisotropic atomic displace-
ment parameters, using SHELXL-97 (full-matrix least-
squares on F?) [24]. Final difference Fourier syntheses
did not reveal any significant residual peaks (see
Table 1). The positional parameters and interatomic
distances of the refinements are listed in Tables 2-6.
Listings of the observed/calculated structure factors
and other details are available from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen (Germany), E-mail: crysdata@fiz-karlsruhe.de,
by quoting the registry number CSD-413927 for
Dy4BO14(OH), and CSD-413928 for Ho4BsO14(OH)s.

4. Results and discussion

Due to the pressure coordination rule, the crystal
structure of the new high-pressure rare-earth oxoborates
RE4B6014(OH)2 (RE:Dy, HO) (FlgS 1 and 2) is built
up exclusively from BOy-tetrahedra. In contrast to the
hydrogen-free compounds RE,;BsO;5 (RE=Dy, Ho)
[5-7], in which one third of the BOy4-tetrahedra are
connected via common edges, the tetrahedra in
REBsO4(OH), (RE=Dy, Ho) share common vertices
only. In detail, the BOg4-tetrahedra form eight-mem-
bered rings (Fig. 1), which are condensed to layers
within the ab-plane. Fig. 2 gives a view of these layers
stacked along c. The eight-membered rings, character-
ized by the descriptor “<{8[1>”, represent a possible
fundamental building block (FBB) for the description of
the layered structure of RE4;BsO14(OH), (RE=Dy, Ho)
as proposed by Burns et al. [25,26]. A comparison
with an enumeration of borate minerals based on
infinite sheets of polyhedra, which can be found in
reference [27], contains no example for this descriptor.
Between the layers, the RE-atoms are positioned,
coordinated by 7+2 oxygen atoms of the BOy-
tetrahedra, in a distance of 230-288pm for both
compounds. Fig. 3 shows the coordination sphere of
the rare-earth cations. The distances of the nearest seven
oxygen atoms range between 230 and 240 pm, whereas
the two additional oxygen atoms (O2b and O2c¢; Table
3) possess a distance between 280 and 289 pm. MAPLE-
calculations (Madelung Part of Lattice Energy) [28-30]
confirmed the weak coordinative contribution of these
two oxygen-atoms, therefore it is justified to speak of a
7+ 2 coordination sphere. The next oxygen atom in the
coordination sphere of the rare-earth cations appears in
a distance of 325 pm, having no considerable contribu-
tion. The distances RE-O correspond to values found
before in high-pressure phases like y-DyBO; (CN of
Dy*": 7, 8, and 9; range: 219-272 pm) [3], f-Dy»B4Oy
(CN of Dy**: 9 and 10; range: 226-266pm) [10],
RE;B4O;s (RE=Dy, Ho) (CN of RE*': 8 range:
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Table 1

Crystal data and structure refinement for RE4BsO4(OH), (RE=Dy, Ho)

Empirical formula Dy4B¢O14(OH),
Molar mass (gmol™") 972.88

Crystal system

Space group

Powder diffractometer

Radiation

Powder diffraction data

a (pm) 1293.9(2)
b (pm) 437.54(4)
¢ (pm) 888.25(9)
Volume (nm?) 0.503(1)
Single crystal diffractometer

Radiation

Single crystal data

a (pm) 1292.7(2)
b (pm) 437.1(2)
¢ (pm) 887.3(2)
Volume (nm)® 0.502(1)

Formula units per cell
Temperature (K) 293(2)

Calculated density (gem ™)
Crystal size (mm?®)
Detector distance (mm)

6.442
0.015 x0.03 x 0.05
30.0

Exposure time per (deg/s) 120
Absorption coefficient (mm™") 29.57

F(000) 848

0 range (deg) 4.6-30.0

Range in 1kl +18, £6, £12
Scan type o/o

Total no. reflections 12727

Independent reflections 727 (Rine = 0.0455)
Reflections with 7 >2a(1) 668 (R, = 0.0217)
Parameters 61

Absorption correction

Transm. ratio (max/min) 0.7936/0.4641
Goodness-of-fit (F?) 1.141

Final R indices [I >20([)] R, =0.0163
wRy = 0.0340
R indices (all data) R; =0.0190
wRy = 0.0349
Extinction coefficient 0.0017(2)
Larg. diff. peak a. hole (e A%) 1.80/—1.01

Ho4BO14(OH),
982.60
Orthorhombic
Pbcn (No. 60)

Stoe Stadi P
CuKo, (4= 154.06 pm)

1292.6(2)
436.22(3)
887.11(7)
0.500(1)
Enraf-Nonius Kappa CCD
MoKa (2 = 71.073 pm)

1292.8(2)
436.2(2)
887.1(2)
0.500(1)

293(2)
6.523
0.02 x 0.02 x 0.02
30.0
120
31.41
856
3.2-30.0
+18, =5/+6, —12/+11
o/o
6263
728 (Rine = 0.0372)
673 (R, = 0.0297)
61

Numerical (HABITUS [22])
0.2659/0.1934
1.161
Ry =0.0177
wR; = 0.0398
R, =0.0206
WR,; = 0.0406
0.0012(2)
1.44/—1.06

222-265pm) [6], and S-RE>B4O9 (RE=Eu, Gd, Tb)
(CN of RE*": 8-11; range: 223-307 pm) [9].

In the tetrahedral BOjy4-groups of RE;BgO;4(OH),
(RE =Dy, Ho), the B-O distances shift between 143 and
151 pm (RE=Dy) and 143-152 pm (RE=Ho) with an
average value of 149.1pm (Table 4). This value is
slightly higher than the average B-O distance of
147.6pm in tetrahedral BOy4-units of oxoborates
[27,31]. The O-B—O angles in the two crystallographi-
cally independent BOg-tetrahedra vary between 103°
and 112° in both compounds with an average value of
109.5°.

Due to the presence of the heavy rare-earth cations
Dy*" and Ho®", a localization of hydrogen atoms

on the basis of the Fourier difference map was not
possible. Nevertheless, geometrical reasons and bond-
valence calculations indicate the possible positions of
the hydrogen atoms. Fig. 4 gives a separate view of the
environments of the four crystallographically distin-
guishable oxygen atoms (O1-O4) and their location
inside the layer. The atom O1 has a distorted tetrahedral
coordination sphere, built up from one boron and
three dysprosium atoms. O2 is coordinated from one
dysprosium and two boron atoms plus two dysprosium
atoms in the second coordination sphere (O2-Dyla:
236.5(3) pm; O2-Dy1b: 280.9(3) pm; O2-Dylc: 288.3(3) pm)
(values for Ho4BcO14(OH), see Table 4). The equally
spaced coordination spheres of Ol and O2 (Fig. 4 top)



3704 H. Huppertz | Journal of Solid State Chemistry 177 (2004) 3700-3708

Table 2

Atomic coordinates and anisotropic displacement parameters/z&2 for Dy,4B¢O,4(OH), (space group Pbcn)

Atom Wyckoff-position X y z Ueq

Dyl 8d 0.14042(2) 0.04327(4) 0.53949(2) 0.0073(1)

0Ol 8d 0.3108(2) 0.0362(6) 0.4646(4) 0.0061(5)

02 8d 0.2175(2) 0.2109(6) 0.2462(3) 0.0068(5)

03 8d 0.9061(2) 0.6369(6) 0.2592(3) 0.0074(5)

04 8d 0.9962(2) 0.2456(7) 0.1094(3) 0.0106(6)

Bl 4c 0 0.441(2) 1/4 0.010(2)

B2 8d 0.3069(4) 0.0247(10) 0.3033(5) 0.0069(8)

Atom U U Uiz Uas Uiz U

Dyl 0.0083(2) 0.0060(2) 0.0077(2) 0.00054(6) 0.00129(6) 0.00070(6)
0Ol 0.009(2) 0.003(2) 0.006(2) 0.000(1) —0.001(1) —0.002(1)
02 0.007(2) 0.006(2) 0.008(2) —0.001(1) —0.002(1) 0.001(1)
03 0.007(2) 0.005(2) 0.011(2) —0.002(2) 0.001(2) —0.000(1)
04 0.009(2) 0.012(2) 0.012(2) —0.005(2) —0.001(2) 0.001(2)
Bl 0.001(3) 0.009(3) 0.019(3) 0 0.000(2) 0

B2 0.007(2) 0.005(2) 0.009(2) 0.001(2) 0.000(2) 0.000(2)

U.q is defined as one third of the trace of the orthogonalized U tensor.

Table 3

Atomic coordinates and anisotropic displacement parameters/z&2 for Hoy4BsO14(OH), (space group Pbcn)

Atom Wyckoff-position X y z Ueq

Hol 8d 0.14036(2) 0.04323(5) 0.5392(2) 0.0079(1)

Ol 8d 0.3109(3) 0.0358(7) 0.4647(3) 0.0067(6)

02 8d 0.2169(2) 0.2077(7) 0.2466(3) 0.0069(6)

03 8d 0.9060(2) 0.6381(7) 0.2598(3) 0.0077(6)

04 8d 0.9957(2) 0.2434(7) 0.1088(3) 0.0119(6)

Bl 4c 0 0.439(2) 1/4 0.006(2)

B2 8d 0.3066(4) 0.0250(10) 0.3035(6) 0.0069(9)

Atom Un Uy Uss U Uiz Ui

Hol 0.0091(2) 0.0065(2) 0.0080(2) 0.00072(7) 0.00133(7) 0.00073(7)
o1 0.008(2) 0.006(2) 0.006(2) —0.001(2) —0.001(2) —0.001(2)
02 0.007(2) 0.005(2) 0.008(2) —0.002(2) —0.002(2) 0.001(2)
03 0.005(2) 0.007(2) 0.011(2) —0.002(2) 0.001(2) 0.000(2)
04 0.010(2) 0.014(2) 0.012(2) —0.004(2) —0.002(2) 0.000(2)
Bl 0.001(3) 0.007(3) 0.011(3) 0 —0.001(2) 0

B2 0.008(2) 0.003(2) 0.010(2) —0.00(2) 0.001(2) 0.002(2)

Uy, is defined as one third of the trace of the orthogonalized U tensor.

Table 4 make an additional bonded hydrogen atom highly improb-
Interatomic RE-O—distances (RE=Dy, Ho)/pm, calculated with the able. The oxveen O3 represents a brideine atom O™, sivin
single crystal lattice parameters in RE4BsO14(OH), (RE=Dy, Ho) 1 ’ Yg . p . . ging . ’ gl %
(standard deviations in parentheses) also a coordinative contribution to Dyl (distorted trigona
coordination). In contrast, O4 represents a terminal oxygen

Dyl-Ola 230.03) Hol-Ola 230.1(3) atom O! with a coordinative contribution to two
Dyl-Oda 233.53) Hol-O4a 233.2(3) dysprosium atoms (Fig. 4 bottom right). The coordinative
Dyl-Ol1b 234.1(3) Hol-Olb 233.5(3) . . . h . h he hvd

Dyl-03 234.73) Hol-O3 233.90) situation favors the gs;umptlon, that the hy rogen atoms
Dyl-02a 236.5(3) Hol-O2a 235.8(3) are bound to O4. This is supported by a comparison of the
Dyl1-04b 237.7(3) Hol-04b 236.3(3) boron—oxygen bond distances, where the distance B1-O4
Dyl-Olc 239.8(3) Hol-Olc 239.5(3) appears as the longest one (151.2(5) pm in Dy4B4014(OH),
Dyl-02b 280.93) Hol-02b 282.3(3) and 151.7(5)pm in Ho4BsO14(OH),). Bond-valence
Dyl-02c 288.3(3) Hol-0O2c 287.0(3)

sums, using the bond-length/bond-strength concept (Dy,
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Table 5

Interatomic B-O—distances (RE= Dy, Ho)/pm, calculated with the single crystal lattice parameters in RE;BcO4(OH), (RE=Dy, Ho) (standard

deviations in parentheses)

Dy4B¢O,4(OH),

Ho4Bs014(OH),

B1-03 148.8(5) 2 x B2-01 143.4(5) B1-03 149.6(5) 2 x B2-01 143.2(6)
B1-04 151.2(5) 2 x B2-03 148.1(5) B1-04 151.7(5) 2 x B2-03 148.6(7)
B2-O2a 149.6(5) B2-02a 149.5(6)
B2-02b 150.2(5) B2-02b 150.5(5)
& =150.0 & =1478 & =150.7 & =148.0
Table 6

Interatomic angles (deg) calculated with the single crystal lattice
parameters in RE4BsO,4(OH), (RE=Dy, Ho) (standard deviations in
parentheses)

Dy4B6O14(OH),

03-B1-03 109.6(5) O1-B2-03 109.4(3)
03-B1-04 110.1(2) 2 x 01-B2-02 112.2(3)
03-B1-04 107.8(2) 2 x 03-B2-02 111.1(3)
04-B1-04 111.4(5) 01-B2-02 110.2(3)
03-B2-02 111.1(3)
02-B2-02 102.7(3)
& =109.5 & =109.5
Ho4Bs014(OH),
0O3-B1-03 109.2(5) 0O1-B2-03 109.5(4)
03-B1-04 107.9(2) 2 x 0O1-B2-02 110.5(4)
03-B1-04 110.2(2) 2 x 03-B2-02 111.5(3)
04-B1-04 111.4(5) 0O1-B2-02 111.9(3)
03-B2-02 110.7(3)
02-B2-02 102.7(3)
o =109.5 & =109.5

S N
AN g A
“‘\t\""

) A A

Fig. 1. Crystal structure of RE;B4O4(OH), (RE=Dy, Ho). View
along [001]. The rare-earth cations are shown as large gray spheres and
oxygens as white spheres.

BsO14(OH),: O1: —2.03; 02: —1.99; O3: —1.85; O4: —1.45)
and the CHARDI concept (Dy4BsO14(OH),: Ol: —2.15;
02: —1.88; O3: —1.95; O4: —1.53), confirm the special
position of O4 with a significant deviation from the value
—2 in contrast to all other atoms, which are in agreement
within the limits of the concepts [32-34].

Fig. 2. Crystal structure of RE;BsO.4(OH), (RE=Dy, Ho). View
along [010]. The rare-earth cations are shown as large grey spheres and
oxygens as white spheres.

4.1. In situ powder diffraction and thermoanalytical
measurements

To investigate the metastable character of the high-
pressure phases RE;B¢O;4(OH), (RE=Dy, Ho), tem-
perature-dependent measurements were performed on a
STOE powder diffractometer Stadi P (Mo Ko
A =171.073 pm) with a computer-controlled STOE fur-
nace. The heating element consisted of an electrically
heated graphite tube, holding the sample capillary
vertically related to the scattering plane. Bores in the
graphite tube permitted unobstructed pathways for
the primary beam as well as for the scattered radiation.
The temperature, measured by a thermocouple in the
graphite tube, was kept constant within 0.2°C. The
heating rate between different temperatures was set to
22 °C/min. For temperature stabilization, a time of three
minutes was given before the start of each data
acquisition.

Successive heating of the metastable high-pressure
phase Dy4BsO4(OH), (Fig. 5) led to a slow decomposi-
tion at temperatures larger than 300 °C, followed by an
entire decomposition in the range of 700-800 °C into
the high-temperature orthoborate u-DyBO; [19] and
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Fig. 3. Coordination of RE*' in the crystal structure of
RE;B014(OH), (RE=Dy, Ho).

Fig. 4. Single layer of condensed BOy-tetrahedra in RE4BsO4(OH),
(RE=Dy, Ho) with plots of the coordination spheres of the four
crystallographically independent oxygen atoms.

presumable liquid B,O3; according to Eq. (3):
RE4BsO14(OH), (RE = Dy, Ho)>54REBO;

(RE = Dy, Ho) + B,O; + H,O. 3)

In the decomposition area at 700 °C, one can guess the
weak appearance of the normal temperature phase

[T, rtensity

T/°C 0 40 80 120 160 200 240 280

20
100+ ’
007 | Dy,B¢014(OH),
5001 :
700
900
950
1000
1050
1100+ p-DyBO,
1000
900
700
%1-DyB0,
500
300
n-DyBO,
100
Y 204
T T T T T T
9 10 11 12 13 14 15 2Theta/*®

Fig. 5. Temperature dependent X-ray thermodiffractometric powder
patterns of the decomposition of Dy;BsO4(OH),.
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Fig. 6. Temperature dependent X-ray thermodiffractometric powder
patterns of the decomposition of HoyB¢O4(OH)s.

n-DyBOj; [19,35]. This phase appeared again by further
cooling below 700 °C.

In the case of the metastable high-pressure phase
Ho4B¢O,4(OH), (Fig. 6), the decomposition starts
around 400 °C, followed by the complete decomposition
at 700-800 °C leading to © + u-HoBO; [19,35]. Above
1000 °C, only the high-temperature orthoborate u-
HoBO; was detectable. Cooling beneath 700 °C resulted
in a transformation back to the room-temperature
modification n-HoBOs.

These results were approved by thermoanalytical
measurements, which were performed with a combined
DTA-TG-thermobalance (TGA 92-2400, Setaram, heat-
ing rate: 10°Cmin~') between room temperature
and 1000°C for DY4B6014(OH)2 (Flg 7) During
heating, some weak exothermic effects were examined
between 500 and 600 °C, followed by a characteristic
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Fig. 7. Differential thermal analysis curve and thermogravimetrical
curve of Dy;BO14(OH),.

endothermic effect in the DTA between 750 and 770 °C,
due to the decomposition of the compound. At the same
time, we were able to observe a weight loss of 1.36%
between 110 and 800°C, which corresponds to the
quantitative loss of water from the starting composition
Dy4BsO14(OH), (theoretical value: 1.85%). The differ-
ence between the observed and the calculated values
comes from an impurity (y-DyBOj [3]) in this specific
sample, which was estimated to have a contribution of
25% on the basis of the powder data. This leads to a
theoretical value of 1.39%, which is in agreement with
the observed weight loss.

4.2. Infrared absorption spectroscopy

The infrared (IR) spectra of RE4B¢O;4(OH),
(RE=Dy, Ho) were recorded on a Bruker IFS 66v/S
spectrometer, scanning a range from 400 to 4000 cm ™.
The sample was thoroughly mixed with dried KBr (5mg
sample, 500 mg KBr) in a glove box under a dried argon
atmosphere. Fig. 8 (top) shows the infrared spectrum of
Dy4BsO4(OH),, Fig. 8 (bottom) the spectrum of
Ho4BsO14(OH),. The absorption peaks between 1100
and 800 cm ™" are those typical for the tetrahedral borate
groups BOy, as in YBO3;, GdBO;3;, or TaBO, [36-38].
In both spectra, it can be assumed that the absorp-
tions between 1100 and 1000cm ™" correspond to anti-
symmetric  stretching modes v, (1017cm™! in
Dy4B¢O14(OH),; 1013cm™" in Ho4BcO14(OH),). Ac-
cordingly, the symmetric stretching modes vy can be
found at 850cm™'. Both, the asymmetric and the
symmetric absorptions exhibit shoulders, which can
be attributed to two crystallographically distinguishable
BOy4-tetrahedra. The presence of hydrogen in these
phases is verified by the observation of deformation
modes don at 1328cm™'  (Dy,B¢O,4(OH),) and
1335cm™"  (Ho4BcO14(OH),), accompanied by von
(3500-3000 cm ™), which are typical for hydroxyl groups
in borates [39].
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Fig. 8. Infrared spectra of Dy,BsO,4(OH), (top) and HosBsO4(OH),
(bottom).

5. Conclusion

In this paper, we described the multianvil-synthesis of
the new rare-earth oxoborates RE4B¢O14(OH),
(RE=Dy, Ho) under extreme high-pressure/high-tem-
perature conditions. The structures were solved from
single crystal data. According to the pressure coordina-
tion rule, all boron atoms in the network exhibit
exclusively tetrahedral oxygen coordination. Both
phases represent intermediate compounds on the way
to the formation of RE4;B¢O;s (RE=Dy, Ho) [5-7]. For
a detailed investigation of the stability ranges in
dependence of pressure and temperature, we are going
to perform in situ high-pressure/high-temperature ex-
periments in the near future.
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