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1 Introduction

In nature, boron mainly can be found in the form of the borate minerals
borax (Na,B,O;(OH),-8H,0), kernite (Na,B,O4(OH),-3H,0), ulexite
(NaCaB;04(OH)4 - 5 HyO), as well as colemanite (Ca,BgOg(OH)4 - 2 H,0) (see Fig-
ure 1.1). Most borates are found in California (Boron or Death Valley) and Turkey,

with the rest coming from Russia, China, and the Andean regions of South America

i

Figure 1.1: From left to right: borax [2], kernite [3], ulexite [4], and colemanite [5].

The use of borates presumably goes back to the ancient Egyptians, who uti-
lized borax in metallurgy, medicine, and mummification. In two salt samples,
one from the embalming material of Tutankhamen (18 dynasty, 1336 — 1327
B.C.) and the second one from Deir el-Bahari
(25" dynasty, 700 — 600 B.C.) borate salts were
found. Arab physicians used the salts of boric
acid as early as 857 A.D. for internal medicine.
Known as sal sedativum, borates were used in
the 18" century to soothe the skin. Even be-
fore this time, borates were used as cleansing
agents |7]. Since then borates were much val-
ued as gemstones, such as tourmaline. Fig-
ure 1.2 shows a colourfull specimen of tourma-
line (AD,Gg(BO,);[SigO5]Y3Z with A — Ca*",
Na™, K" or hole, D = Al®", Fe?", Fe?", LiT,
Mg2t Mn2, G = AL, Crd3*, Fed*, V3, Y =
O ,0H ,Z—F ,0% ,0H") 3]

Figure 1.2: Tourmaline [6].
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Today, borates find application in the fields of analytical chemistry for exam-

ple, as borax bead. Borax Na,B,05(OH),-8H,0 or tincal turns into water free
Na,B,0; when heated above 400 °C, whereas

Figure 1.3: Borax beads of some

the glassy melt dissolves metal oxides by form-
ing characteristic coloured borates [10]. Figure
1.3 shows different borax beads for qualitative
analysis of Cu, Ni, Co, Cr, Mn, and Fe (from

metal oxides. [9] left to right).

Borates also find use in a wide range of industrial applications with an annual

consumption of estimated 1.25 x 10° metric tons of B,O5;. More than half of all

boron used in industry is accounted by the
manufacture of various types of vitreous ma-
terials, particularly fibreglass (e.g. for ther-
mal insulation), ceramic glazes, enamel, and
specialty borosilicate glasses (e.g. Pyrex®).
Detergent manufacturers, who use peroxo-
borates as bleaching agents, form the second
largest market for borates. Furthermore, bo-
rax and some other borates are used in fer-
tilizers as important micronutrient. Figure
1.4 demonstrates the estimated total borate
use by major industrial applications in B, O,

equivalents in the year 2001 [1].

Other
27%

Fiberglass
32%

Agricultur
5%

Ceramics/Frits

Perborate 12%

16%
Borosilicat Glass

8%

Figure 1.4: Schematic illustration of the
consumption of main industrial applica-
tions of borates in 2001. [1]

Beneath the naturally occuring borate minerals, the number of synthetic bo-

rates steadily increased during the last years. To date, more than 1800 [11] bo-

rates can be found in the ICSD (Inorganic Crystal Structure Database). One

of the primary applications of borates is in the fields of optics as phosphors

Flat-screen plasma display panel

erie gkl ultravioletlight

Y
{onered, one green. ,*
and one bluecell)

visiole |

plasma

182002 Eneyelepzdia EBritannics, Ine.

Figure 1.5: Schematic illustration of a plasma display

panel. [12]

wanwa  In UV-emitting medical lamps,
discharge
elecirodes

phesphor

or nonlinear optical compo-

addressable electiodes dielectric

ot nents in laser tasks. For

example, SrB,0;:Eu is used

GdMgB;0,,:Ce,Tb as green
luminescent material in
fluorescent lamps, or
(Y,Gd)BO,:Eu as the red emit-
ting component in plasma dis-

play panels (Figure 1.5).



In the application area of nonlinear optics, borates like 3-BaB,0O, (BBO) [13-
15|, LiB;O, (LBO) [16-19], «-BiB;O4 (BIBO) |20-22|, and CsLiB4;0O,, (CLBO)
[23-26] are the most common compounds.

Efforts regarding the application of new materials were not only made in the
fields of crystalline borates. In the range of rechargeable batteries, tin borate
glasses came into the focus of research activities. Numerous studies showed that
glasses in the system Sn-B-O are appropriate electrode materials for rechargeable
Li batteries [27-35|. These electrode materials are characterized by higher capa-

cities as the carbon based materials, which are used conventionally.

The major part of research activities concerning borates are conducted under
normal-pressure conditions. The few results of high-pressure studies come from
the area of geological research, investigating borate containing minerals, but these
studies are limited to a pressure of 5 GPa. Therefore the enlargement of this
branch of research appeared to be very promising. Due to this a short insight into

the variety of high-pressure chemistry is given in the following.

Current research in high-pressure chemistry takes place e.g. in the system
P-N. A binary high-pressure phosphorous nitride was realized within the compound
v-P3N;, which was synthesized in 2001 at 11 GPa and ~1530 °C [36]. The high-
pressure phase crystallizes in a network
structure composed of corner-sharing PN ,-
tetrahedra and distorted trans-edge-sharing
PN.-pyramids. Figure 1.6 shows the crys-
tal structure of y-P,N; along [010], whereas
green polyhedra represent PN ,-tetrahedra and
yellow ones show tetragonal PNj-pyramids.

These PN -pyramids represent a novel build-

ing block, which was not known in solid-state
Figure 1.6: Crystal structure of v~ chemistry before. Contemplating ternary P-N-
P,N; with a view along [010].

compounds, one has to mention the first nitride
clathrate |P,N,(NH),|(NH;) [37|, synthesized at 11 GPa and 600 °C in a multi-
anvil device. NH;, generated in situ during the high-pressure/high-temperature
reaction, acts as a template molecule for the growing PN(NH) framework and is
incorporated into the structure. Figure 1.7 right shows the crystal structure of the
new cubic clathrate. Recently, another fascinating oxonitridophospate Sr,P;O4Ng
was discovered by S. Sedlmaier [38|. The compound was synthesized under con-
ditions of 6 GPa and ~920 °C crystallizing in a highly consensed layer structure,
consisting of corner-sharing PON;-tetrahedra with threefold coordinated nitrogen

atoms. The compound shows analogy to layer silicates, which was not observed in
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phosphate chemistry before. Figure 1.7 (left) demonstrates a view on one layer of
Sr; PO Ny, exhibiting “Sechser” and “Vierer” [39] rings.

Figure 1.7: Left: Crystal structure of SryP3yO4Ng with a view along [001]. Yellow spheres
represent Sr*", black spheres P°", blue spheres O? , and green spheres N* . Right: Crystal
structure of [P,N,(NH),](NH;) with a view along [001]. Pink spheres represent NH,, black
spheres P°", and green spheres N3,

Another outstanding nitride, synthesized under high-pressure /high-temperature
conditions, can be found among the Si;N,-modifications. As the normal-pressure
modifications «- and 3-SigN, are composed of SiN,-tetrahedra, the high-pressure
modification y-SizN,, crystallizing in the cubic
spinel structure, shows Si in fourfold and even six- T
fold coordination [40, 41] (see figure 1.8). B-SizN, \ 4 l<@

is an important ceramic material, due to which

the new cubic high-pressure modification attracted
widespread interest as well. y-Si;N, represents a &
superhard material, comparable to stishovite [42],

W\

which is probably the third hardest material after
diamond and ¢-BN [43], and even the hardest known
oxide [40]. The cubic phase can be synthesized with LL

yields of 80% wia shock-wave experiments in large

Figure 1.8: Crystal structure of
volumes [44]. In 2001, Kroll and Appen predicted the high-pressure modification y-
SigN,. Red tetrahedra: SiN,-
groups; yellow polyhedra: SiNg-
pearing at pressures about 160 GPa, built up from octahedra.

SiNg-octahedra and SiNg-prisms [45].

a post-spinel phase of silicon nitride, 8-Si;N,, ap-

The application of high pressures in combination with high temperatures also
provides remarkable results in the wide fields of intermetallic phases. In the last
years, several interesting high-pressure phases could be synthesized by G. Hey-
mann. For example, the normal-pressure stannides NP-REPtSn (RE = La — Nd,
Sm) [46-51|, NP-REPdSn (RE = La, Ce, Pr, Nd) |51, 52|, and NP-RENiSn (RE
— La Nd, Sm) [51 54] crystallize in the orthorhombic TiNiSi type structure



[55], while those with the smaller rare-earth elements adopt the hexagonal ZrNiAl
type |56-58|. By means of the parameter pressure, it was possible to stabilize the
ZrNiAl type structure even for the larger rare-earth atoms [59-62|. In the case of
the stannide ErAgSn, the normal-pressure phase NP-ErAgSn adopts the NdPtSh
structure type [63-69|, whereas the high-pressure modification HP-ErAgSn shows
the hexagonal ZrNiAl type as well [51, 70]. Figure 1.9 demonstrates the connection

between the mentioned structure types.

Figure 1.9: Comparison
of TiNiSi, NdPtSb, and
ZrNiAl type structures.
[51]

ZrNiAl

Due to these interesting results of high-pressure investigations in diverse chemi-
cal systems, the question concerning the high-pressure behaviour of borates came
up. From the chemical point of view, boron is closer related to silicon than to
its following group-members Al, Ga, In, and Tl. Boron and silicon are both
found in nature covalently bound to oxygen. Boron oxide and silicon oxide reveal
similar acidities and both oxides tend to form
glasses by cooling melts, containing other metal
oxides as well. Therefore it was presumed that
borates under pressure may act similar to sili-
cates under normal-pressure with referrence to the
pressure-homologous rule. With the synthesis of the
semenovite-analogous rare-earth borate RE;B;0,,
(RE — Tm Lu) [72] (Figure 1.10) and several other

silicate analogous borates, which are described in Figure 1.10: Crystal struc-

ture of the high-pressure borate
RE,B;0,, (RE = Tm Lu). [71]

detail in the following sections, this assumption was

proved to be true.
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However, borates show an even bigger structural diversity than silicates. This
is due to the occurrence of trigonal BO4- and tetrahedral BO,-units. These units
can exist isolated, or can be linked via one, two, or three common corners, forming
groups, rings, chains, bands, layers, or networks. It became evident that boron un-
der high-pressure/high-temperature conditions favours fourfold coordination. On
the example of the compound Dy,BsO,; [73] and the isotypic phase Ho,BsO;
[74, 75], Huppertz et al. showed that it is even possible, to realize borates with the
faszinating element of edge-sharing BO ,-tetrahedra under extreme conditions. In
the following years, another borate structure, comprising edge-sharing tetrahedra
was discovered in our group, namely the rare-earth borate o-RE,B,04 (RE — Sm
— Th, Ho) [75-78|. Figure 1.11 compares the two mentioned compounds. By con-

trast, silicates are exclusively composed of corner-sharing tetrahedral SiO ,-groups,

Figure 1.11:
Crystal  struc-
tures of the two
borates exhibit-
ing edge-sharing
BO,-tetrahedra.
Left: RE,B;O4;
(RE - Dy,
Ho) , right:
«-RE,B,04 (RE
= Sm —Th, Ho).

connected to different polyanions. The supposed appearance of edge-sharing SiO ,-
tetrahedra in fibrous SiO,, [79] seems to be most doubtful.

According to the pressure-coordination rule [80]|, high pressures lead to boron
in fourfold coordination. This can also be translated to oxygen: high-pressure
borates often exhibit threefold coordinated oxygen atoms. In silicate chemistry
this can only be observed in the silicon oxide modification stishovite. The normal-

pressure modification of boron oxide B,O;-1 [81] (Figure 1.12, left) solely consists of

Figure 1.12: Left: Crystal structure of trigonal B,04-1. Right: Crystal structure of orthorhom-
bic B,O3-11. Blue spheres represent O [2], green spheres O [3], and red spheres B*".



trigonal BO,-groups, whereas the high-pressure modification B,O,-1I [82] (Figure
1.12, right) reveals only BO,- tetrahedra and additionally threefold coordinated

02" ions.

Because of the structural variety of borates, many new structure types can
be expected in this field of solid-state chemistry. Recently, A. Haberer could
synthesize a new high-pressure borate with the formula Ti.B,,0,s exhibiting a
new structure type [83|. The tetragonal structure can be described as a kind
of superstructure of the Zintl-phase NaTl, which consist of two interpenetrating
diamond lattices (Figure 1.13, left). Instead of Na and T1 atoms, the positions are
occupied by B,,Oy¢-clusters, which are displayed in Figure 1.13 (right).

Figure 1.13: Crystal
structure of the high-
pressure phase TizB;,0.
along the space diagonal
(left) and B;,0.4-cluster
(right). [83]

As already mentioned above, a search in the ICSD database with B, O, and
optional other elements, delivers more than 1800 hits [11]. Among this variety of
borate crystal structures, only the fewest can be credited to high-pressure phases.
This is due to the rather difficult accessibility to preparative high-pressure syn-
thesis. Hitherto, high-pressure investigations were mainly performed from the
geological point of view. By means of the multianvil technique, which will be
described in the following, high-pressure syntheses can be carried out routinely.
Since 1999, Huppertz et al. conduct systematic high-pressure experiments, while
the main interest of these investigations was focused on rare-earth borates. The
aim of this thesis was to enlarge the family of high-pressure borates into the fields
of transition metal and main group borates, because there were known only very
few compounds. Additionally, many normal-pressure phases in this area show in-
teresting properties. In the following, a description of the used multianvil techique
as well as the performed analytical methods is given. Afterwards the classes of
transition metal and main group borates are introduced, whereon the analytical
investigations and results of this thesis are discussed in detail. The research ac-
tivities done in this work were executed within the scope of the DFG projects HU
966,/2-2 and -3.






2 Experimental Methods

2.1 High-Pressure Synthesis

All syntheses presented in this thesis were carried out via the high-pressure/high-
temperature route. Therefore a 1000 t press and a modified Walker-type module
(both devices from Voggenreiter, Mainleus, Germany) were utilized, whereby a
nearly hydrostatic pressure could be applied to the samples. A detailed description
of the high-pressure facility, preparation of experiments and a short introduction

into calibration methods are given in the following sections (2.1.1 — 2.1.7).

2.1.1 The 1000 t Press

The employed hydraulic downstoking press, with maximum load of 1000 t, was
constructed and set up by the company Voggenreiter (Mainleus, Germany). The

hydraulic system (shown in Figure 2.1) consists of three parts:
1. the main pressure cylinder (CCR-~10002, Enerpac, Columbus, WI, USA)

2. an additional regulation cylinder with a worm gear screw jack driven by a

servomotor
3. the main engine with the oil reservoir

Figure 2.1 shows a schematic side view of the 1000 t press including photographs
of the three parts of the hydraulic system. The main valve for the main pressure
cylinder and the lock valves for the regulation cylinder are housed under the top
covering above the top plate. Figure 2.2 shows a picture of the valves and pipes
and a diagram of the oil circuit divided in the three mentioned hydraulic parts by

a red line.
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Regulation Cylinder —»

A Worm Gear
Screw Jack

B Servomotor —— | [(©

C Main Engine
® ® L J [ J
L ] ® ® L ]

Oil Reservoir —»

Figure 2.1: Schematic side view of the press with the hydraulic unit. A: Worm gear screw jack;
B: Servomotor for slow pressure changes; C: Main hydraulic unit and oil reservoir. [84]

o Sa9008 Worm Gear Screw Jack
Main Pressure 3 T and Regulation Cylinder
Cylinder %
Main Valve £ é ok Vales —— ZUIE Z Servomotor

Boundary of Units

L

Steering Valves

\E Oil Reservoir

Figure 2.2: Left: Hydraulic valves and oil pipes on the top plate of the 1000 t press. Right:
Oil circuit diagram of the press. [84]

After moving the Walker-type module underneath the main pressure cylinder,
the ram is driven onto the top plate in 20 seconds using the main engine with high
velocity. Figure 2.3 shows the induction switches, which avoid a hard put down
by stopping the driving of the ram just before the distance piece touches the top
pressure-distribution plate of the module. In the next step the oil pressure in the
main cylinder is regulated by the servomotor moving the worm gear screw jack

into the outer regulation cylinder. As the servomotor enables us to regulate the oil
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pressure in a much more precise way, further compression and
decompression is exclusively performed by the servomotor. Up
to an oil pressure of 10 bar, which corresponds to a load of
14.3 t, the compression of the module takes place in a relatively
fast time of approximately 20 min, closing all gaps between the
wedges, cubes, and the octahedral cavity. Further compression
is predetermined by the pressure program given for the experi-
ment. Typically, the compression rate has a maximum value of

100 t per hour, whereas the decompression requires the threefold

time.

The main engine, servomotor, and the valves are con- Figure 2.3: Induc-
trolled by a SPS (Speicherprogrammierbare Steuerung, engl. tion switches. [84]
Programmable Logic Controller, PLC) (Simatic S7-300)
equipped with a serial RS232C interface. This has to be provided with the essen-
tial informations concerning the experimental profile, accomplished by a second
control unit (Windows PC) which transfers the pressure ramps to the SPS, reads
out the current system pressure, and controls all actions of the SPS. Since no com-
mercial program was available to manage this, a special program with the name
“PRESSCONTROL” was developed and programmed with Borland Delphi 4.0 for
communication, calibration, and surveillance of the 1000 t press and the heating
unit |85|. Figure 2.4 shows the graphical surface of the program. After starting
the program, the experimental parameters have to be entered, e.g. type and size of

the octahedron, type of furnace, the heating, and pressure ramp. For heating, the

D, P Hmm
Druck: 9.2 bar 13.1 Tonnen
210
D
b
Segment Zeit : 751 min
Temperatur: 22 °C e
Figure 2.4: Graphical surface of | swwe ' |
the program “PRESSCONTROL”. [85]  “=™=
e | S| | s | 0% Heisleistung Zeit: 30 min

program distinguishes between temperature-controlled heating wvia a thermocouple
or using predetermined power/temperature curves for the corresponding assembly
without thermocouple. Next, the pressure/temperature ramp has to be entered

including the intended times for each step, whereby the oil pressure is used as
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input parameter for the intended load (700 bar correspond to the maximum load
of 1000 t). Furthermore, the user has to decide, if the press is closed and opened
automatically or by separate orders. After entering the experimental details, the
program can be saved, and the pressure ramp as well as the temperature ramp are
shown as yellow lines in two diagrams (Figure 2.4). The start of the press is per-
formed via the task line of the program, sending the parameters to the SPS. During
the experiment, the actual oil pressure and temperature given by the thermocou-
ple are continuously read out and displayed on the screen. The actual pressure
and heating values are dotted as a red line into the diagram to have a view of the
advance of the experiment. In order to stop the experiment in the case of a rapid
loss of pressure (blowout), security functions were implemented. Also routines
for recording calibration curves were integrated in the program “ PRESSCONTROL”
[85].

2.1.2 The Walker-type Module

The press is operated with a multianvil-apparatus, whereby a nearly hydrostatic
pressure can be applied to the samples. To realize high pressures and high tem-
peratures combined with a large sample volume at reasonable costs, the best
agreement is the system developed by Walker et al. in 1990 [86|. This Walker
module was enhanced by Frost et al. [87] in 1998 at the Bayerisches Geoinsti-
tut (Bayreuth, Germany), finally scaled up to a maximum load of 1000 t and

fabricated in cooperation with the company Voggenreiter (Mainleus, Germany).
\—\;I—J

@9‘ .
;A
the containment ring (B). The latter is sur- =

rounded by a safety ring (A). The loading of Figure 2.5: Schematic setup of the
Walker module. [84]

Figure 2.5 demonstrates the setup of the mod-

ule: the six tool steel wedges (C1-6; outer

anvils) including the tungsten carbide cubes

(D; inner anvils) plus the octahedral pressure a

medium (highlighted in red) are positioned in

the module is accomplished through pressure-
distribution plates (E). The stability of the con-
tainment ring was scaled up by 2.5 for security reasons (containment ring, HSM,
1.2343, R, = 52: 17.8 cm inner distance, 33.8 cm outer distance, total length 19.4
cm, surrounded by a safety ring (Hover, 1.4541): 33.8 cm inner distance, 37.8 cm
outer distance, identical length). This means the module should stand a load of
2500 t without any failure.

The wedges are made from tool steel (HSM, 1.3343) hardened to R. = 62 ex-

hibiting a square face side, with dimensions of 6.00 cm X 6.00 cm (for 32 mm
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tungsten carbide cubes) with an angle of 35° 26’ to the axis of the module. The
lowest, corner of the square face has a distance of 2.00 cm from the basis. The three
wedges with a height of 98 mm are assembled with a gap of approximately 1 mm
in the cylindrical cavity of the containment ring (diameter 17.8 c¢m). Figure 2.6
shows a photograph of one tool steel wedge with the square face in front and wiring
channels on both sides. The massive containment ring surrounded by the safety
ring and incorporating three wedges with wiring ports is demonstrated in Figure
2.7.

Figure 2.6: Single tool steel wedge with Figure 2.7: Containment ring with three of
wiring channels for calibrations. six wedges included.

The containment ring is covered by two pressure-distribution plates at its top
and bottom (37.8 cm in diameter, 3.9 cm thick). These plates are made from an
Al alloy (Alimex, AMP 8000) except the raised part of the plate, which directly
lays on the wedges. This is substituted by tool steel (Hover, 1.4548.4) in order
to avoid deformations of the plates. Figure 2.8 shows the spiral cooling, that was
applied to the pressure-distibution plates, sealed by the tool steel plates (Figure
2.9). Additionally, several tunnels and shafts are added to the pressure-distribution

plates and wedges, which is necessary for pressure and temperature calibrations.

Figure 2.8: Cooling spiral in- Figure 2.9: Pressure-distribution plates (left: bottom;
side of the pressure-distribution right: top). [84]
plates. [84]
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2.1.3 The Preparation of High-Pressure Experiments

The Walker-type multianvil module (section 2.1.2) works with six wedges com-
pressing a cubic arrangement of eight inner anvils. These consist of tungsten car-
bide cubes with an edge length of 32 mm and truncated corners forming triangular
faces. By arranging these eight cubes with the truncated corners pointing to the
middle of the formed cubic array, an octahedral cavity is generated, wherein the
octahedral pressure cell can be located. There exist several different assemblies,
which are clearly defined by their octahedral edge length (OEL) and truncation
edge length (TEL) of the corresponding tungsten carbide cubes. For instance, an
18/11 assembly describes an octahedron with an edge length of 18 mm, including
eight tungsten carbide cubes exhibiting truncated triangular faces with an edge
length of 11 mm. In this work only 18/11 and 14/8 assemblies were used. Further-
more the assembly 10/5 can be used as a matter of routine. The sample volume
and therewith the size of the octahedron determine the maximum achievable pres-
sure. These values range typically from ~35 mm? at a maximum pressure of 10
GPa (18/11), ~9 mm? at a maximum pressure of 13 GPa (14/8), and ~4 mm? at

a maximum pressure of 16 GPa (10/5). As pressure-transmitting medium prefab-

Figure 2.10: Different sizes (/mm)
of tungsten carbide cubes with the
corresponding octahedral pressure
medium.

.18

ricated, sintered magnesium oxide octahedra (Ceramic Substrates & Components
Ltd., Newport, Isle of Wight) doped with 5 % magnesium chromite, are used.
Figure 2.10 shows the octahedra with edge lenghts of 18 mm (left) and 14 mm
(right). To bring in the sample, a hole is drilled into the octahedron along its 3
axis. All pieces used to built up the assembly are shown in Figure 2.11. The sample
is located directly in the centre of the octahedron inside of a crucible made from
hexagonal boron nitride (Henze BNP GmbH, HeBoSint® S10, Kempten, Germany)
(d) and closed with a h-BN plate (e). This material reveals the advantage of its
chemical inertness under high-pressure /high-temperature conditions. Of course, it
is possible to use different capsule materials like copper, molybdenum, platinum,
or gold in this assembly, but due to the oxoborate system, hexagonal boron nitride
was a good choice for experiments. For reasons of heating, cylindrical graphite
tubes (RW403, SGL Carbon, Bonn, Germany) are used as resistant heaters (a,b)
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Figure 2.11: Survey about the assembly parts; a: long
graphite tube, b: short graphite tube, c: zirconia sleeve,
d: h-BN crucible, e: h-BN plate, f: MgO-rods, g: Mo-
plates, h: MgO-rings.

surrounding the h-BN capsule. Up to pressures of 10 GPa and temperatures of
1500 °C, graphite can be used as the heater material without any problems. Above
these conditions, the material starts to convert to diamond and its performance
collapses. As an alternative LaCrO; (Cherry-O, Amagasaki-City, Japan) or tanta-
lum can be used as a heater material to generate temperatures up to 3000 K. Two
telescoped furnaces, with a stepped wall thickness, are used to reduce the thermal
gradient along the sample [88]. The sample capsule is centred inside the furnaces
utilizing MgO-rods (f) (Magnorite MN399CX, Saint-Gobain Industrial Ceramics,
Worcester, MA, USA) at the bottom and the top of the furnaces. For thermal iso-
lation of the furnace against the MgO octahedron, an additional zirconia sleeve (c)
(Ceramic Substrates & Components Ltd., Newport, Isle of Wight) surrounds the
inner part. The furnace is contacted via molybdenum plates (Mo007905, Good-
fellow, Bad Nauheim, Germany) (g) at the bottom and at the top, fitting directly
into the MgO-rings (h). Figures 2.12 and 2.13 demonstrate the dimensions of the
described pieces of an 18/11 and an 14/8 assembly, which were used in this thesis.



16 2 Experimental Methods

| 18M/11TEL Graphite Assembly for Precast Octahedrons (T, = 1500°C) |
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Figure 2.12: Dimensions/mm of the pieces used for an 18/11 assembly (precast MgO-
octahedron, pyrophyllite gaskets).

| 14M/8TEL Graphite Assembly for Precast Octahedrons (T, = 1500°C)
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Figure 2.13: Dimensions/mm of the pieces used for an 14/8 assembly (precast MgO-octahedron,
pyrophyllite gaskets).
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Figure 2.14 shows a schematic cross section of an assembled octahedron. All
mentioned h-BN; graphite, and MgO pieces were made by ourselves using a lathe
(Opti D480, Collrep GmbH, Maintal, Germany) shown in Figure 2.15.

B MgO with 5% MgCr,0,

O zr0,

0 MgO

B Mo

B Graphite Figure 2.14: Sche-
matic cross section of

B h-BN the octahedral pres-

B Sample sure medium. [84]

Figure 2.15: Lathe for manufacturing of the assembly
pieces.

After inserting the inner assembly pieces into the octahedron, the eight tungsten
carbide cubes are arranged around it as seen schematically in Figure 2.17. The
triangular faces of the truncated cubes fit onto the faces of the octahedron, keept on
distance via pyrophyllite gaskets. To seal the octahedral cavity (this is necessary
to built up pressure) the gaskets are arranged as shown in Figure 2.16. The

truncated corners of the tungsten carbide cubes are surrounded by even three

Figure 2.16: Arrengement of the pyrophyllite gaskets.
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gaskets in the following way: three short gaskets, two short and one long gaskets,
one short and two long gaskets, and three long gaskets. The gaskets are fixed
at the cubes with small dots of UHU instant adhesive (UHU GmbH & Co KG,
Biihl, Germany). Thereby it is important not to use too much glue, as it acts as
lubricant at elevated temperatures. Behind the gaskets cardboards (Bristolkarton,
369 g/m3) are applied by UHU instant adhesive to inhibit the gaskets from sliding.
One half of the cubes is covered with gaskets and cardboards, the other half is
laminated with PTFE-tape (SKAP 130, Beichler & Griinwald GmbH, Lichgau,
Germany). The cubes are arranged in an alternating way, so that each cube
pasted with gaskets and cardboards is positioned adjacent to a cube laminated
with PTFE-tape and wvice versa. This is to slow down and inhibit the extruding of
crushed gaskets. In Figure 2.17 left, four tungsten carbide cubes are shown with
the half octahedral cavity in the centre of it, Figure 2.17 further demonstrates,

how the octahedron and the other cubes are arranged.

. -\

Figure 2.17: Insertion of the octahedral pressure medium into the inner anvils (tungsten carbide
cubes).

The quality, technical specifications, and suitability of the tungsten carbide
used for the inner anvils, produced by different manufactures, are highly variable
[89]. Currently, the best qualities are Toshiba “F” grade (Langenfeld, Germany),
Kennametal “THM-U”, “THM-F” (Mistelgau, Germany), and Ceratizit “TSM10”
(Reutte, Austria). Cubes applied in this work were Kennametal “THM-U", “THM-
F”, and Ceratizit “TSM10”. For stabilisation the cubes are sticked to pads of fiber
glass (Type 2372.4, Menzel & Seyfried, Grobenzell, Germany) with a thickness of
0.8 mm (see Figure 2.17). The top (Figure 2.17 right) and bottom pads of the com-
pletely assembled cube, have incisions with threaded copper stripe (about 1.5 cm
x 3.0 cm, thickness: 0.1 mm) ensuring a current flow from the pressure-distibution
plates to the wedges, via the copper stripes to the tungsten carbide cubes. The
truncated trigonal faces contact the Mo-plates directly.

Figure 2.18 demonstrates the positioning of the assembled cubes into the Walker-
type module. On the left three wedges are shown, building a nest in which the

cubic arrangement is placed along its 3 axis. After this, the top wedges take their
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positions on top of the cube, leaving a gap between top and bottom wedges (Figure
2.18 middle). Because of stability reasons the complete assembly is placed in the

containment ring (Figure 2.18 right).

Figure 2.18: Illustration of the assemblage of the anvils in the Walker-type module. [84]

Figure 2.18 gives a view inside the containment ring. Between the wedges
and the ring, two layers of PET-foil (BO-PET IA, D-K Kunststoff-Folien GmbH,
Dessau, Germany) are positioned to fill the gap of 0.125 mm. One outer, large
sheet (thickness: 0.75 mm) covers the complete inner side of the containment ring
and sticks out 1.5 cm above the containment ring. The outer surface of this foil
is covered with PTFE-spray, which acts as a lubricant. The inner, small sheets of
foil (thickness: 0.50 mm) cover the outside of each wedge, whereas the foil is fixed
by a thin film of PTFE-spray as well.

The PET-sheets fulfil several functions: The lubricated interfaces between con-
tainment ring, wedges, and PET-sheets allow the motion of the wedges. Addi-
tionally the PET-sheets provide electrical insulation of the containment ring from
the wedges. Furthermore, the sheets absorb stress concentrations and compensate
surface flaws and roughness of the inner side of the containment ring. Figure 2.18
shows the mounting of the cube of inner anvils into the Walker-type module. Af-
ter inserting the last wedge, the pressure distribution plate is lifted on the flat top
created by the top three wedges. This has to be done very carefully so that the
sticking out PET-sheet is not damaged. Having closed the Walker-type module,
it has to be moved from the preparation table directly under the hydraulic ram of
the 1000 t press. Figure 2.19 left shows the complete press with the module under

load and a second module on the left side of the table.
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Figure 2.19: Left: Front view of the press with heating controll (left) and press controll (right).
[51] Right: Walker-type module under the ram.

On the right side of Figure 2.19 one can see the Walker-type module under the
ram. On the left side of the pressure distribution plates, the adapters for the
cooling are visible. Electrical contact, in order to heat the sample, is enabled via a
small metal extension at the right side of the bottom pressure-distribution plate,
which moves directly into a small shoe connecting the plate with one pole of the
electrical circuit. The second pole is fixed on the backside of the distance piece

(aluminum) between the ram and the top pressure distribution plate.

2.1.4 Pressure Calibration

Due to a multitude of factors, that collude in a multianvil setup, it is nearly impos-
sible to calculate the exact pressure that dominates inside the sample. Therefore,
calibrating measurements were carried out with systems, that show phase transi-
tions at known pressures. These points are established from diamond anvil cell
investigations, where actual pressures can be easily detected through the shift of
the fluorescence lines of ruby. Commonly used
transitions for calibrating the assemblies up to a
pressure of 13 GPa are the I-II, II-III, and III-
V transitions in Bi (at 2.55, 3.15, and 7.70 GPa,
respectively) representing one of the most stud-
ied elements at high-pressure [90-101] and semi-
conductor to metal transitions in ZnTe (6 GPa -
anomaly-, LPP-HPP1 at 9.6 GPa, and HPP1-HPP2
at 12.1 GPa) [102-105|. To accomplish the Bi in- Figure 2.20: Schematic bismuth

vestigations, a hole was drilled along the 3 axis of calibration octahedron. [84]

the octahedral pressure medium with a diameter of
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1.7 mm stuffed with a 3.8 mm long cylinder of Bi metal. The remaining space
was filled with copper electrodes on either side of the octahedron, each provided
with two cable connections of copper wire to allow electrical communication be-
tween the bismuth and the resistance measuring circuit outside the press. Figure
2.20 gives a schematic view of the prepared octahedron for calibration. This setup
permits a current free detection of the resistance in dependence of the ram oil
pressure. Figure 2.21 shows a typical diagram for the relative resistance of Bi in a
14/8 precast octahedron. The graph exhibits three sharp resistance changes due
to the phase transformations I-II, II-III, and III-V. The structures transform from
rhombohedral Bi-I (isotypic to As) into Bi-II with a monoclinic structure, followed
by Bi-III being composed of a tetragonal host structure and an interpenetrating
guest component, which is incommensurate with the host [101]. Further increase
in pressure results in a phase transformation to the body-centred cubic phase Bi-V
above 7.7 GPa.

<+«— Bil-I

o

Bi lII-V

Rel. Resistance /a.u.
(&)

IS

Figure 2.21: Typical relative resis-  °

tance of Bi against ram oil pressure
diagram (14/8 assembly). 20 40 60 80 100 120 140 160 180 200

Ram Oil Pressure /bar

— TS

For calibrations with ZnTe, a powdered sample (99.998 %, Alfa Aesar) with a
thickness of 1.9 mm and a diameter of 1.6 mm in the centre of the octahedron,
contacted analogously to the Bi calibration, was used. Since the resistance of the
semi-conductor ZnTe is much larger than the resistance of tungsten carbide, the
cubes were part of the circuit. Figure 2.22 demonstrates the resistance changes in
ZnTe in dependence on the hydraulic oil pressure, showing three anomalies (around
6, 9.6 and 12 GPa). The first anomaly at ~6 GPa can be explained by a change
of the band gap in the zinc blende type ZnTe, followed by a transformation into
a semiconducting cinnabar-type phase at ~9 GPa [104, 105]. The last anomaly
describes a transition to a metallic orthorhombic (Cmem) phase at ~12.0 GPa
[106], which can be regarded as a distorted rocksalt lattice.

Other systems, which can be utilized for pressure calibrations, are the metals Ce
(phase transition at 0.77 GPa [107-109]), T1 (phase transition at 3.65 GPa [110]),
and Ba (phase transition at 5.5 GPa |111-113]).

Figure 2.23 shows the pressure calibration curves for Bi and ZnTe measurements
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for the 18/11 and 14/8 assemblies.
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Figure 2.23: Pressure calibration curves for 18/11, 14/8, and 10/5 assemblies. [51]

2.1.5 Temperature Calibration

For an exact knowledge of the applied pressure, temperature calibrations are just
as important. The temperature is measured using a thermocouple (Figure 2.24,
left), which can be inserted perpendicular to the heater or along the axis as shown
in Figure 2.24 right. The thermocouple is connected directly to an Eurotherm
2404 temperature controller (Limburg a. d. Lahn, Germany).

As thermocouple, Pt-Ptg,Rh,; was used for temperatures up to 1500 °C, and
W,Req,-WocRe,. above 1500 °C (SPPL-010, SP13RH-010, W3W25-010, Newport
Omega, Deckenpfronn, Germany). For the insertion of a thermocouple the assem-
bly setup has to be changed. On one side the MgO and Mo plate are replaced by

corresponding rings, to put in the wiring. The measurement along the heater axis
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Figure 2.24: Left: Thermocouple
with copper coils, alumina sleeves,
and Mo ring. Right: Thermocouple
inserted in an octahedron. [84]

allows the use of a thermocouple in combination with the sample. But this offers a
source of uncertainty, because of the thermal gradient existing primarily along the
sample axis. Other insecurities concerning the accuracy of the measurements arise
from the pressure effect on the thermocouple electromotive force (emf) [114], but
this effect can not be interpreted up to now. Recorded temperatures are therefore
affected by several effects. Diagrams of the recorded temperatures in dependence
of the heating power were established for every assembly. Therefore it is possible
to perform synthesis in a roughly estimated temperature range without fitting a

thermocouple into the assembly during every experiment.

2.1.6 Recovering the Sample

After the pressure is released, the Walker-type module is moved out from the
hydraulic ram to the preparation table. The top pressure-distribution plate is
lifted, the upper three wedges removed, and the cube comprising the inner anvils
carefully raised out of the nest. Figure 2.25 gives a view of the opened cube after an
experiment revealing the octahedral pressure medium. This clearly demonstrates
the function of cardboards, PTFE-tape, and gaskets. The recovered octahedron

was cracked with the help of a centre punch.

Figure 2.25: Left: Cube of inner
anvils opened after a high-pressure/high-
temperature program. Right, top:
Hammer and centre punch to open the
octahedron. Right, bottom: Opened
octahedral pressure medium.

The sample was carefully separated from surrounding graphite and boron ni-
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tride. Figure 2.26 shows typically looking crucibles containing different transition
metal borates (from left to right: red: 3-CoB,O,, green: HP-NiB,O,, yellow: 3-
NiB,O,, blue: B-CuB,0,). The left sample shows a beginning reaction with the

Figure 2.26: Crucibles containing different transition metal borates. From left to right: red:
3-CoB,0O,, green: HP-NiB,O, yellow: (3-NiB,O,, blue: 3-CuB,0,.

BN-crucible (violet region). Figure 2.27 shows more advanced reactions with the

crucibles. This can lead to new interesting materials.

Figure 2.27: Left: Beginning reaction; Middle: Nearly complete reaction with the BN-
crucible; Right: Complete reaction. [84]

2.1.7 Experimental Dangers

Due to the robustness of the two Walker-type modules, with containment rings
scaled up to a 2.5x stability (up to 2500 t), there exists no reason for
experimental dangers with regard to ruptures. Nevertheless,
during the heating phase of an experiment, it is required to
wear ear protectors owing to the risk of a blow-out (aprupt
loss of pressure). A blow-out can be caused by the failure of
a gasket or by too much glue, which can act as a lubricant.
Figure 2.28 represents an octahedron after a blow-out.

A second danger arises from the eight inner tungsten car-

bide anvils. Especially, when the cubes were used at high-

Figure 2.28: Recov-
ered octahedron after a
blow-out. [84] sions, which can lead to cracks or even explosive destructions

temperature and high-pressure, they start to built up ten-
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(Figures 2.29) under normal pressure conditions. Therefore, it is necessary to wear

goggles while working with used cubes, and to keep the cubes under a protective

shield, if not in use.

Figure 2.29: Destroyed or cracked tungsten carbide cubes.






3 Analytical Methods

3.1 X-Ray Diffraction Methods

X-Ray powder diffraction was performed for the purpose of phase analysis, deter-
mination of crystal parameters, and control of reaction products. For structure

determination single crystal diffraction was accomplished.

3.1.1 Basic Principles of X-Ray Diffraction

In order to observe diffraction phenomena at a crystal lattice, the utilized radia-
tion has to be in the dimensions of the interplanar spacing (0.03 0.5 nm) [115].
The appropriate radiation therefore is X-ray radiation, for powder measurements
preferrable CuKy; (A = 154.18 pm) and MoK, (A = 71.073 pm), for single crys-
tal diffraction MoK, (A — 71.073 pm). The periodically arranged atoms or ions
in a crystal build up a three dimensional diffraction grating, on which the in-
coming X-rays are dispersed. To achieve constructive interference, the retardation
between two waves must be an integer multiple of the wavelength. Due to the three
dimensional periodicity in a crystal, the dispersed waves show angle-dependend
intensity maxima, which cause sharp reflections. These can be described wia the
three Laue-equations (Equation 3.1), which all have to be fulfilled to observe a

reflection.

a coS W + a cos Vg =nq A
b cos W, + b cos vy, =ng A (3.1)

c coS .+ ccosv.=mngA

a, b, ¢: lattice period (x-, y-, z-direction)
Was Wp, He: angle of incidence
Vg, Vb, Ve: diffraction angle

ni, no, ng: diffraction order

The atoms or ions can be assigned as parts of lattice planes. As a result of

periodicity there exists a family of parallel planes to every lattice plane. The
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Bragg equation (Equation 3.2) describes the diffraction of X-rays as a partial
reflection (angle of incidence = diffraction angle) of the waves at the lattice planes

of a crystal, belonging to the same family.

2 dhkl sin thl =nA (32)

dpk: interplanar spacing
Onki: angle of incidence (= diffraction angle)
n: diffraction order
A: wavelength

It correlates the interplanar spacing djy; of lattice planes belonging to the same

family with the diffraction angle 0, (Figure 3.1).

Figure 3.1: Bragg reflection: Re-
flection of X-rays at two parallel lat-
tice planes.

Due to the interaction of X-rays with the electron sheath of atoms and ions,
the intensity of a reflection is dependend on the number of electrons and therefore
dependend on the chemical element. The scattered total intensities I (Equa-
tion 3.3) are proportional to the square of the structure amplitude, taking into

account several correction terms during data reduction.

Iy o< L+ P+ |Fuul® (3.3)

L: Lorentz factor
P: polarisation factor

Fpip: structure amplitude

The structure amplitude Fj;; depends both on the atom position and on its
scattering factor f;. This allows a summation over all j atoms included in the cell
(Equation 3.4).

Fhkl _ ij 62m‘(hwj+k‘yj+lzj) (34)
J

Zj, Yj, z;° atomic positions

From Equation 3.3 it appears that Fjy; is directly proportional to the total

intensities Ip;;. If the structure factors are known in modulus and phase, the
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atomic positions are uniquely determinable. According to Equation 3.5 the electron
density function p,,, and therefore finally the crystal stucture, can be calculated

by a Fourier Transformation of Fjy;.

1 —2mi(hx z
Pkl = VZFW - g 2milhathytlz) (3.5)
hkl

As follows from Equation 3.3, only the moduli of F};; can be obtained from
diffraction intensities, because the corresponding phase information is lost (crys-
tallographic phase problem). The problem of identifying the atomic positions,
starting only from |Fjx|, can be solved by means of the Direct methods or the
Patterson method 116, 117|. The refinement is carried out wvia optimization of
the model on full-matrix least-squares on F?. Additional atoms are assigned to
residual peaks by difference Fourier synthesis with associated refinement until no

significant residual peaks remain.

3.1.2 Powder Diffractometric Methods

X-Ray powder diffraction was principally used for a fast identification of the syn-
thesized samples. Further on crystal parameters could be determined from powder
measurements.

Powder diffractometry was carried out wvia two STOE Stadi P diffractometers
(STOE & Cie, Darmstadt, Germany). They are constructed in focussing geom-
etry using Ge(111)-monochromatized CuKy; (A = 154.18 pm) and MoK, (A =
71.073 pm) radiation. Measurements were performed in transmission geometry,
placing the powder sample between acetate films. The intensities were collected
by a PSD (1_)osition sensitive detector) with an opening angle of 20 = 5°.

Temperature-programmed in situ X-ray diffraction experiments were carried
out on a STOE Stadi P diffractometer (STOE & Cie, Darmstadt, Germany) with
Ge(111)-monochromatized MoK,; radiation (A — 71.073 pm) with a computer
controlled STOE furnace. All measurements were performed in Debeye-Scherrer
geometry (silica capillary, Fa. Hilgenberg, Malsfeld, Germany, &.,; = 0.2 —0.5 mm).
An electrically heated graphite tube held the sample capillary vertical with respect
to the scattering plane. Borings in the tube permitted unobstructed pathways for
the primary beam, as well as for the scattered radiation. The temperature was

recorded by a thermocouple.

3.1.3 Single Crystal Diffractometric Methods

Small single crystals were isolated by mechanical fragmentation utilizing a polariza-

tion microscope (MZ12, Leica, Bensheim, Germany). Therefore a crop of crystals
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was placed on a glass carrier which was covered by a thin film of paraffine oil.
Small crystals were fixed on thin glass fibers by means of beeswax. The quality of
the selected crystals was checked using a Buerger precession camera in Laue mode
(Buerger precession camera 205, Huber Diffraktionstechnik GmbH, Rimsting, Ger-
many) operating with white Mo radiation (Rontgengenerator Kristalloflex 760,
Siemens, Germany). The camera was equipped with an image plate system con-
sisting of imaging plates [118] coated with a photosensitive material (BaBrF:Eu *")
for recording the dispered X-rays, and a laser scanner (BAS-2500 Bio Imaging
Analyser, Fuji Photo Film Corporation, Japan) for readout.

Single crystal intensity data were measured by use of a STOE IPDS-I diffractome-
ter equipped with an area detector (STOE & Cie GmbH, Darmstadt, Germany)
or on a Kappa CCD diffractometer (BRUKER AXS/Enraf-Nonius, Karlsruhe, Ger-
many) equipped with a rotating anode (small or weak crystals). Both diffractome-
ters act with MoK, radiation (A = 71.073 pm). Usually a raw data reduction
was carried through with instrumental specific software, typically accounting for

Lorentz-, polarisation-, and isotropic extinction corrections.

3.1.4 Computer Programs for X-Ray Diffraction

Experiments

For scanning and viewing the Laue diagrams, the programs BASREAD [119] and
TINA 2.10g [120] were used, respectively. By means of the STOE program package
WinXpow [121] the powder diagrams were recorded and handled. The included
programs TREOR [122-124|, ITo [125], DicvoL [126], and THEO [127] allowed
indexing of recorded diffractograms, as well as simulation of powder patterns on
the basis of single crystal data. Further on the integrated search routine “search-
match”, which referred to the JCPDS-database [128], was used for phase analysis.

The programs X-RED [129|, X-RED32 [130], X-SHAPE [131|, HABITUS [132],
and SCALEPACK [133] were used for data reduction and absorption correction.
The data sets were analysized by the program X-PREP [134], which was also
used for the determination of possible space groups, as well as for semi-empirical
absorption correction. Crystal structures were solved by Direct methods applying
the program SHELXS-97 [135, 136] or SIR2004 (Semi-Invariants Representation)
[137]. Structure refinement, based on F? (full-matrix least-square method), was
carried out with the program SHELXL-97 [135, 136]. SHELXS-97 and SHELXL-
97 are combined in the X-STEP32 [138| user interface. Structure evaluation and
verification was carried out wvia the program PLATON, including the ADSymwm
routine [139].

Crystal structure visualization was accomplished by the program DIAMOND
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[140].

3.2 Electron Diffraction Experiments

Electron diffraction was carried out on a FEI Titan 80 300, equipped with a field
emission gun, operating at 300 kV. Samples were ground in an agate mortar and
dispersed in ethyl alcohol suspension. A small amount of the suspension was
subsequently dispersed on a copper grid, coated with holey carbon film. The
grids were mounted on a double tilt holder with a maximum tilt angle of 30°
and subsequently transferred into the microscope. The diffraction patterns were
recorded on a Gatan UltraScan 1000 P CCD camera.

3.3 Spectroscopic Methods

3.3.1 Vibrational Spectroscopy

Vibrational spectroscopy is a versatile tool for the characterization of molecular
arrangements. Typical vibrations can be assigned to peaks in the measured spec-
tra by means of databases, whereby the correlation between certain absorption
bands and typical lattice vibrations in solid state compounds is not easy to verify.
Nevertheless, vibrational spectroscopy is a useful method to distinguish between
BO;- and BO,-groups.

Infrared spectra were recorded on a BRUKER IFS66/v FTIR spectrometer
(BRUKER Analytik GmbH, Ettlingen, Germany) in an evacuated cell in a range
of 400 — 4000 cm~! (DLATGS detector). The samples were thoroughly mixed
with dried KBr (5 mg sample, 500 mg KBr) in a glove box (MBraun, MB150-GI
and UniLab, O, < 1 ppm, Garching, Germany) under dried argon atmosphere
(purity grade 4.8, Messer Griesheim, Germany). Afterwards the KBr pellets were
prepared by pressurizing, using a hand press with a press capacity of 10 kN.

Raman spectra were measured at single crystals with a Raman-microscope
Horiba Jobin yvon HR800 (x50LWD), using a green laser (Melles Griot ion laser)
with a wavelength of 514 nm.

Optical absorption spectroscopy is valuable in identifying the electronic states
of matter. Single crystal measurements have the advantage of providing polar-
isation information as well [141]. Single crystal UV/Vis/NIR electronic spectra
of arbitrary crystal faces of crystals smaller than 50 um were measured using
a strongly modified CARY 17 microcrystal spectrophotometer (Spectra Services,
ANU Canberra, Australia) [142].

All spectra were handled and interpreted with the program ORIGIN [143].
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3.3.2 MoBbauer Spectroscopy

H9Sn MéRbauer investigations were performed with a Ca 119SnO3 source at a pow-
dered sample, that was dilluted with o«-quartz. The sample was placed within
a thin-walled PVC container at a thickness between 10 and 15 mg Sn/cm?. A
palladium foil of 0.05 mm thickness was used to reduce the tin K X-rays con-
currently emitted by this source. The measurements were conducted in the usual

transmission geometry at 77 K and room temperature.

3.3.3 Solid State NMR Spectroscopy

The NMR experiments were carried out on a BRUKER Avance DSX spectrometer,
equipped with standard 2.5 mm and 4.0 mm MAS NMR probe tubes. A commer-
cially available pneumatic control unit was used to limit MAS frequency variations
to a 2 Hz interval during the experiment. Samples were spun at 10 and 25 kHz,
respectively. The powdered samples were filled into a ZrO, tube and sealed by
means of Vespel and Kel-F caps, respectively.

The SOQE parameters and isotropic chemical shift values were determined from
the moment analysis [144, 145] of the sheared MQMAS spectrum. Simulations of
the chemical shift parameters were done by minimizing the squared difference
between experiment and simulation, using the SIMPSON MINUIT routines [146],
and the chemical shift conventions implemented in SIMPSON [147|. The spectra
were handeled and interpreted within the program ORIGIN [143].

3.3.4 DTA/TG Investigations

For thermal investigation and evaluation of the metastable character of the synthe-
sized compounds, combined DTA- (Difference Thermo Analysis) and TG- (Ther-
mogravimetry) measurements were performed on a Setaram TGA 92-2400 DTA-
TG-Thermobalance (Fa. Setaram, Calurie, France). The powdered samples were
filled into a 100 pul corundum crucible. Measurements were carried out under

He-atmosphere with a standard DTA-TG-sample carrier.

3.3.56 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Analysis (EDX)

Investigations concerning morphology and composition of crystals were conducted
by a scanning electron microscope (SEM) (JEOL Ltd., JSM-6500F, Tokyo, Japan)
with field emission source and maximum resolution of 1.5 nm. Energy disper-

sive X-ray analysis (EDX) enables a qualitative and semi-quantitative analysis of
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chemical compositions on the basis of characteristic X-ray emissions of elements
(EDX detector: model 7418, Oxford Instruments, Oxfordshire, UK). Crystals or
an aggregation of several crystals placed on a brass sample carrier, fixed with
hot-melt adhesive (Pattex, Henkel, Diisseldorf, Germany) or self-adhesive carbon
plates (Plano, Wetzlar, Germany). For the purpose of conductivity, the samples
were sputtered with carbon (Sputter device: BAL-TEC MED 020, BAL-TEC AG,
Balzers, Netherlands).

Data collection and evaluation was carried through with aid of the INCA [148|

program package.

3.4 Magnetic Investigations

Magnetic moments of the samples were measured using a SQUID magnetometer
(Quantum Design, MPMS-XL5, San Diego, USA) between 1.8 and 300 K with
magnetic flux densities as large as 5 Tesla. Samples of about 20 mg were loaded
into gelatin capsules and fixed in straw as sample holder. Corrections for the
sample holder and the core diamagnetism were applied to the data. Magnetic

parameters were determined using an extended Curie-Weiss-law (Equation 3.6).

x=C/(T'=8)+xXo (3-6)

3.5 DFT Calculations

In order to investigate conspicuous lone-pair behaviour of elements in the synthe-
sized compounds, self-consistent DFT band structure calculations were performed
by the LMTO-method in its scalar-relativistic version (program TB-LMTO-ASA)
[149, 150]. Reciprocal space integrations were performed with the tetrahedron
method [151].

For finding the position and the visualization of electrons, a three dimensional
grid of the charge density and electron localization function (ELF) [152, 153| were
calculated. In the density functional theory, ELF depends on the excess of local
kinetic energy due 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 in-
crease 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.

For the investigation of the stability of different phases in a chemical system,
structural optimizations, total energies, and properties were calculated within den-
sity functional theory (DFT) [154], for which the Vienna ab-initio Simulation Pack-
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age (VASP) was used. It combines the total energy pseudopotential method with
a plane-wave basis set [155-157|. The electron exchange and correlation energy
is treated within the general gradient approximation (GGA) [158] to approximate
the electron exchange and correlation energy. The utilized pseudopotentials were
based on the projector-augmented-wave (PAW) method [159]. The cut-off energy
for the expansion of the wave function into the plane wave basis set was 500 eV.
Residual forces were converged below 5-10~3 eV /A. The Brillouin-Zone integration
was carried out wvia the Monkhorst-Pack scheme [160].

The choice of the GGA functional is based on the experience that it significantly
better describes relative energies of structures with different coordination of the
atoms. Since our target is to study structures and structural transformations at
high pressures, it is the better choice in comparison to the local density approx-
imation (LDA). Therefore, though we controlled all our calculations within the
LDA as well, all enthalpy differences and transition pressures given are based on
GGA calculations.

3.6 Theoretical Calculations

3.6.1 Lattice Energy Calculations according to the Maple

concept

MAPLE (Madelung Part of Lattice Energy) [161-163] calculations are an appro-
priate method to check crystal structures with respect to their plausibility. These
computations exclusively consider the electrostatic interactions in an ionic crystal,
depending on their distance, their charge, and their coordination. For every ion,
partial MAPLE-values are computed, which are summed up to the total MAPLE
value of the compound. MAPLE-values are additive with high accuracy, which
means that the sum of the total MAPLE-values of the starting materials are com-

parable to the total MAPLE-value of the product.

3.6.2 The Bond-Length Bond-Strength Concept

In solid state compounds, the bond-length bond-strength concept allows the inter-
pretation and evaluation of bond distances. The concept is historically founded on
Pauling’s defined bond-grade Pauling, mainly applied on metals or intermetallic
phases. Brown [164], as well as Breese and O'Keeffe [165] extended the concept
for a multitude of compounds. The correlation of bond lengths and bond va-
lences allows a prediction of bond distances in solid state compounds with known

valences. Contrary, it is possible to calculate valence sums from bond distances
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derived from crystal structure determinations as well and therefore to check crystal
structures on their plausibility. Bond valences v;; of bonds between atoms i and j

are calculated according to Equation 3.7.

Vij = exp [—(Rij;d“)] (3.7)

v;;: bond valence
R;;: bond valence parameter
d;;: bond distance

b: constant (= 37 pm)

The constant b was determined to 37 pm by Brown and Altermatt [165]. R;;
is characteristic for each elemental combination and was determined from known
compounds [165, 166]. The total valence sum V; sums up the bond valences v;; of

all bonds starting from atom i (Equation 3.8).

Vi= ZVij (3.8)

3.6.3 Calculation of the Charge Distribution according to
the Chardi Concept

The CHARDI (Charge Distribution in Solids) concept [167, 168] is a combination
of Pauling’s [169] bond-grade and the effective coordination number (ECoN). In
contrast to the MAPLE concept, CHARDI considers anion-anion- and cation-cation-
interactions as well. The ECoN contribution AE(ij — k) is based on the average
distance d(ij — k) between the cations K;; (crystallographic site j) and anions
Aj. The summation of these contributions provides a partial effective coordination
number A(ECoN) for every anion Ay as ligand of cation Kj;. In consideration of
the number of the anions Aj surrounding Kj;;, a part of the charge distribution
Aq(ij — k) is obtained. According to Equations 3.9 and 3.10 the charges @ of the

cations K;; and anions Ay, are calculated, respectively.

Qcation = _ZZAQ(/U - k)cation (39)

o)

Qanion = _ZAQ(Z] - k)anion (310)
k
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4.1 Transition Metal Borates

4.1.1 Introduction

Among the transition metal borates some very interesting materials with extraor-
dinary characteristics can be found. One of those is represented by the com-
pound FeBO,, which is one of the extremly rare materials, that combine partial
transparency in the visible and spontaneous magnetization at room-temperature.
Therefore, it is suitable for the modulation of light [170].

Up to now many compounds are known in the field of transition metal borates,
but only very few high-pressure phases. Recent interesting high-pressure studies of
our group on phase formation and crystal chemistry of the transition metal borates
revealed the compounds (3-ZnB,O, [171], f-HgB,O; [172], and basic investigations
on CdB,0, [71] (Figure 4.1).

Figure 4.1: Crystal structures of the high-pressure borates B-ZnB,O, (top, left), p-HgB,O,
(top, right), and CdB,0O, (bottom).

-ZnB,O. was synthesized by Huppertz and Heymann in 2003 crystallizing in
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the orthorhombic space group Cmem (see Figure 4.1 left). The network structure
is exclusively composed of tetrahedral BO,-groups, that share common corners via
twofold (O®) and even threefold coordinated oxygen atoms (OFl). The structure
shows channels of “Vierer” and “Sechser” rings (rings consisting of four and six
tetrahedra, respectively) [39]. The cations are positioned inside the “Sechser” ring
channels coordinated in a sqare pyramidal way. $-HgB,O. [172], which was discov-
ered in our group in 2005, is isotypic to the orthorhombic ( Pmn2;) high-pressure
phase 3-CaB, 0, [173], as well as to the ambient-pressure phases SrB,0, [174, 175],
PbB,0; [175, 176], and EuB,O; [177]. The non-centrosymmetric crystal structure
(Figure 4.1 middle) is solely assembled of corner-sharing BO ,-tetrahedra, exhibit-
ing a network structure partially built up by threefold coordinated oxygen atoms
OBl Along |001] the structure is crisscrossed by channels composed of “Vierer”
and “Sechser” rings [39]. The Hg?" cations lie in the “Sechser” ring channels, coor-
dinated by 15 O? ions. Emme described the synthesis of CdB,0O, as well as the
structure of a preliminary model within his PhD thesis |71]. The crystal structure
of this model is exclusively composed of BO,-tetrahedra, showing a condensed
network structure, which is built up by layers consisting of “Sechser” rings (Figure
4.1 right).

Due to this promising investigations, we focussed on the high-pressure/high-

temperature research of further transition metal borate systems.

In this thesis the first period of transition metal elements from Mn to Cu in
combination with B,O,; was examined intensively. Additionally, the systems Zr
B-0O, Hf-B-0O, and Cd-B-0O were investigated. In the following, a short summary
of the compounds already known in the mentioned systems under ambient-pressure

conditions is given.

Manganese borates show a variety of composi-
tions, e.g. o-MnB,0, [178] (Figure 4.2), which is
isotypic to a-ZnB,0, [179-181] and CdB,0, [182],

showing planar BO;-groups and tetrahedrally coor-

dinated metal cations. Additionally, there are the
manganese(ILITTI) oxyborates Mn,'Mn'™(BO,)0,
[183] and Mn,OBO; [184] with the metal cations

in octahedral oxygen coordination and trigonal pla-

nar BOj-units. From high-temperature experi- A

ments, the compositions Mn4B,0,, MnB,0,, and ‘/Jé_\
Mn,B;0O,, are reported starting from MnO and
Figure 4.2: Crystal structure of

B203 [185]. «-MnB,O,.
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Moving along to the element iron, five compositions can be found in the sys-
tem Fe-B-O. It concerns Fe "Fe™(BO,)O (Pmen: warwickite-structure [186, 187],
P2, /c: distorted warwickite-structure [186, 188]), Fey Fe'"'(BO;)0, (ludwigite
[188, 189], vonsenite [190, 191] (Figure 4.3), hulsite [192]), Fe "Fe;"(BO,)O, (nor-
bergite-structure, Figure 4.3) [193, 194|, FeBO, (Figure 4.3) [170], and FeB,O,

LaAA /T
- WA D
4 AVws A
A% vaa
VAAL T

Figure 4.3: Crystal struc-
tures of the iron borates
Fe,'Fe''(BO,)0, (von-
senite), Fe"Fe;"' (BO,)0,,
and FeBO;.

11

Fe''Fe

A(BO,)0,

[195, 196]. Fe'Fe,™(BO,)O, consists of isolated BO,-tetrahedra and, like
Fe'"Fe(BO,)O and Fe,'Fe " (BO;)O,, of isolated oxygen-atoms. In FeB,0,, both
trigonal planar and tetrahedral building blocks can be found. All other compounds
(FeBO, and the polymorphic phases of Fe "Fe"'(BO,)O and Fe,'Fe'(BO,)0,) are
exclusively built up from trigonal planar BOs-groups. In FeBO,, an isostructural
first-order phase transition under high-pressure conditions (diamond anvil cell;

p = 53 + 2 GPa), described in the same space group, is reported [197, 198|.

In the system Co B O the compositions Co4(BO;), (kotoite-type [199]), CoB,O,
(Pbca [200]), Co,BO,; (I43m [200], Figure 4.4 left), Co,B,0; (P1 [200, 201],

3

Figure 4.4 right), Co;(BO;)O, (Pbam: ludwigite-structure [202|) are referred.
While Cos(BO;), and Co,B, 0y consist of BO;-groups, Co,B0;5 and Co;(BO;)0,

Figure 4.4: Crystal struc-
tures of the cobalt borates
Co,B0,5 and Co,B,0;.
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are built up from BO,-tetrahedra, whereas the latter compound also possesses iso-
lated oxygen atoms. In Co4(BO4)0O, and CoB,O, both BOs- and BO,-groups can
be found.

Searching for nickel borates, only one nickel borate with the composition
Niz(BO3), 180, 199, 203, 204| (Figure 4.5 left) could be found in the ternary
system Ni B O, which shows trigonally coordinated boron atoms and Ni?" ions
in an octahedral coordination. In combination with the element sodium, the sys-
tem Ni-B-O shows an interesting compound with composition Na,NiyB;,04, [205]
(Figure 4.5 right), possessing an isotypic structure to Na,Co,B;,0,; [206]. Both
structures show frameworks with one-dimensional channels along the crystallo-
graphic b-axis. In the case of Na,Co,B,,0,,, the authors suspected ionic conduc-
tivity along the channels, which was confirmed by Pompetzki and Albert in the
case of Na,Ni,B;,0,,. Related compounds MCuB,0O,, -nH,O (M — Na, K) can
also be found for the system Cu-B-O [207].

Figure 4.5: Crystal struc-
tures of the nickel bo-
rates Niz(BO,), (left) and
Na,Ni,B;,0,; (right).

Copper borates exhibit a few more compositions, namely CuB,0, (tetragonal,
1424, Figure 4.6 left) [208, 209], exclusively showing BO ,-tetrahedra with copper in
square-planar coordination and Cu;B,Og (also written as Cu,;[(B,05),(BO3)s0,])
(triclinic, P1, Figure 4.6 middle) |[210-212] exhibiting BO,-groups and copper in
square, square-pyramidal, and octahedral coordination. Further on the compo-
sitions CuBO, and Cu,B,0, were mentioned by Rza-Zade et al. in 1971 [213],
whereas the latter compound was found to be CuB,0, by Abdullaev and Mame-
dov in 1977 [209]. Tn 2007, Snure and Tiwari reported about the synthesis of bulk
material and thin films of the transparent p-type Cu delafossite CuBO,, [214] (the
name refers to the mineral delafossite CuFeO,, trigonal, P3m, Figure 4.6). This
transparent conductive oxide (TCO) could possibly find application in transpar-
ent light emitting diodes, UV detectors or solar cells [214]. The isotypy to the Cu
delafossites CuMO, (M = Al, Ga, In, etc.) was postulated by only three concur-
rent reflexes of an X-ray powder diffraction pattern of CuBO, with the powder
pattern of CuMO, delafossite structure. Therefore it is most doubtful, if CuBO,
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truly adopts this structure. The trigonal crystal structure of copper delafossite
is composed of linear arranged Cu™ and M3" ions coordinated octahedrally by
oxygen, while the octahedra build planar layers [215]. This would be a revolution-

ary discovery, because until today the maximum coordination number of boron in

borates is four.

Figure 4.6: Crystal structures of the copper borates CuB,0, (left), Cu3B,04 (middle), and
the Cu delafossite CuMO, (M — Y) [216] (right).

In the systems Zr-B-O and Hf-B-O, no ternary phases could be found in litera-
ture, though several quaternary compounds.
For zirconium the phases NizZrO,(BO,),
217], KyZr(BOs), [218], (Coy 521y 5)(BO3)O
[219], BaZr(BOg), [220], ZrsV;By 35400 575, and
Zr3V 3B 5404 56 [221] are known. In the case of
the heavier homologue hafnium, only the com-
position NizHfB,0,, [222], which is built up gigure 4.7: Crystal structure of
from Ni/HfOg4 octahedra and BOs-groups, is de- NizHfB,04,.
scribed in the literature (Figure 4.7).

Concerning the second period of transition metal borates, we also investigated
the system Cd-B-O. Up to now, three cad-

<> <5 mium borates have been structurally well-
A characterized: the tetraborate CdB,0, [182],

¢ ¢© ¢ which is a member of the isotypic MB,0, fam-
%’ ily (orthorhombic, Pbca) with M = Mg [223],

| e—¢—<c—<¢  Mn[178], Co [200], Zn [179-181], and Hg [224

(see Figure 4.2)), the orthoborate Cd;(BO,),
gilg:(llg%g)i..& Crystal - structure of (Figure 4.8) [225, 226], which adopts the ko-
toite (Mg;(BO;),) [199, 227| structure type (or-
thorhombic, Pnnm), and the diborate Cd,B,05 (see Figure 4.4 right) [228], which



42 4 Experimental Part

is isotypic to its Mg [229] and Co [200] analogues (triclinic, PT).

Considering the structural characteristics of the mentioned normal-pressure
phases, one finds BO5-groups as the main building block and only few structures,
composed of BO,-tetrahedra. In this sense, the application of high-pressure con-
ditions to borates with BO4-groups could lead to new transition metal borates,
exhibiting an increased portion of BO,-tetrahedra, because conditions exceeding
7.5 GPa favour fourfold-coordinated boron atoms due to the pressure coordination
rule [80]. Further on the coordination number of the metal cations should rise
as well. This increase of coordination numbers could already be observed in the
former described high-pressure phases, which are exclusively built up from tetra-
hedral BO,-groups. In the same way, the coordination at the metal cations can be
enlarged in comparison to the corresponding normal-pressure phases.

A second characteristic of the normal-pressure synthesis of borates is the aspect
of forming glasses, which is presumably the reason why there exist no ambient
pressure phases in the systems Hf-B-O and Zr-B-O. In this regard the question
arose, if it is possible to force crystallisation by including the parameter pressure

in the syntheses of borates belonging to systems, where only glasses are known.

In the following sections (4.1.3-4.1.9) our investigations in the borate systems
of the transition metals Mn — Cu, Zr, Hf, and Cd are discussed. The syntheses,
structural charactarization, and description of new high-pressure phases in the

mentioned systems are reported.
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4.1.2 Starting Materials

The starting materials for the adjacent syntheses were all air- and humidity-
resistant. The characterization of the crystalline materials was carried out wia
powder diffraction followed by a comparison with the ICSD-database, whereas
only crystalline impurities, with a concentration exceeding 3 %, can be detected.

The used substances are listed in Table 4.1.

Table 4.1: List of used substances.

Substance State Source of Supply Purity ICSD-PDF

B,0, Granulate Strem Chemicals, Newburyport, 99.9 amorphous
USA

MnQO, Powder - - [44-141]

Fe,04 Powder Sigma-Aldrich Chemie GmbH, 99.9 [33-664], Hematite
Munich, Germany

Co, 0, Powder Merck KGaA, Darmstadt, Ger- p.a. [42-1467]
many

NiO Powder Avocado Research  Chemicals - [44-1159]

Ltd., Shore Road, Heysham,
Morecambe, Lancashire, UK

CuO Powder [80-1268|

HfO, Powder Strem Chemicals, Newburyport, 98 [74-1506]
USA

ZrO, Powder Strem Chemicals, Newburyport, 99.9 [37-1484], Baddeleyite
USA

CdoO Powder - - [5-640]

4.1.3 The Borates 3-MB,0; (M = Zr, Hf)

4.1.3.1 Syntheses

According to Equation (4.1) the two new phases (-MB,O, (M = Hf [230], Zr
[231]) were prepared wia high-pressure/high-temperature syntheses from HfO,
(Strem Chemicals, Newburyport, USA, 98%), ZrO, (Strem Chemicals, Newbury-
port, USA, 99.9%) and B,O; (Strem Chemicals, Newburyport, USA, > 99.9%).

MO, + B,O, % B-MB,O, (M = Hf, Zr) (4.1)
The stoichiometric mixtures of the according oxides were ground and each mixture
filled into a boron nitride crucible of an 18/11-assembly, which was compressed up
to 7.5 GPa during 3 h. The samples were heated to 1100 °C in 10 min, kept
there for 5 min, and cooled down to 750 °C in 15 min. Afterwards, the samples
were quenched to room temperature, followed by decompression over a period of
9 h. The recovered experimental octahedra were broken apart and the samples

were carefully separated from the surrounding boron nitride crucibles, yielding the
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colourless, crystalline compounds 3-HfB,O; and (3-ZrB,0O,. The powder patterns
of the reaction products showed small amounts of unreacted HfO, and ZrO,. The
corresponding surplus boron oxide was not detectable in the powder XRD pat-
terns (X-ray amorphous). Systematic variations of the experimental conditions
showed that 3-HfB,O; can be synthesized in the pressure range of 6-11 GPa, ap-
plying temperatures of 800-1200 °C. The best results were obtained at the above
mentioned conditions of 7.5 GPa and 1100 °C.

4.1.3.2 Crystal Structure Analyses

The powder diffraction patterns of the isotypic phases were collected on a STOE
Stadi P powder diffractometer with monochromatized CuK,; (A = 154.051 pm)
radiation in transmission geometry from flat samples. The diffraction patterns
were indexed with the program ITO [125] on the basis of monoclinic unit cells.
Based on least-square fits of the powder data, the lattice parameters (see Table 4.2)
were calculated. The correct indexing of the patterns was confirmed by intensity
calculations [121], taking the atomic positions from the refined crystal structure
data. The lattice parameters determined from the powder data and single crystal
data fit well. Figure 4.9 shows the measured powder patterns of the isotypic phases
(top) in comparison to the simulated patterns derived from the single crystal data
(bottom). Additional reflections belong to unreacted metal oxide (marked with
asterisks). Variation of temperature or pressure did not succeed in pure samples
until now.

Small single crystals of 3-MB,O; (M — Hf, Zr) were isolated by mechan-
ical fragmentation and examined by means of Laue photographs of a Buerger
camera, equipped with an image plate system (Fujifilm BAS-2500). Single crys-
tal intensity data of B-MB,O, (M = Hf, Zr) were measured with a Kappa CCD
diffractometer (Enraf-Nonius) (MoK, radiation (A = 71.073 pm)). A numerical
absorption correction (HABITUS [132]) was applied to the data of f-HfB,O,. A
multi-scan absorption correction was performed on the data of 3-ZrB,O; using
the program SCALEPACK [133]|. According to the systematic extinctions A0l with
[ # 2n, 0kO with k£ # 2n, and 00/ with [ # 2n, the monoclinic space group P2;/c
(No. 14) was derived. Structure solution and parameter refinement (full-matrix
least squares against F'?) were carried out via direct methods, using the SHELX-97
software suite [135, 136]. Table 4.2 shows details of the data collection and struc-
ture refinement. The positional parameters, anisotropic displacement parameters,
interatomic distances, and interatomic angles are listed in Tables 4.3, 4.4, 4.5, and
4.6.
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Figure 4.9: Recorded and simulated (single crystal data) powder diffraction patterns of f3-
MB,O; (M — Hf, Zr). Reflections marked with asterisks belong to unreacted MO, (M - Hf,
Zr).
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Table 4.2: Crystal data and structure refinement of 3-MB,O, (M = Hf, Zr) (standard deviations
in parentheses).

Empirical Formula HfB, 0, 7ZrB, 04
Molar mass/g-mol~* 280.11 192.84
Crystal system monoclinic
Space group P2, /¢
Powder diffractometer STOE Stadi P
Radiation CuKy; (A = 154.051 pm)
Powder data
a/pm 438.43(3) 440.21(2)
b /pm 690.48(6) 693.15(3)
¢/pm 897.27(6) 899.24(3)
B/° 90.76(1) 90.93(1)
V/nm? 0.2716(1) 0.27435(2)
Single crystal diffractometer Enraf-Nonius Kappa CCD
Radiation MoK, (A = 71.073 pm)
Single crystal data
a/pm 438.48(9) 439.04(9)
b/pm 690.60(2) 691.2(2)
¢/pm 897.60(2) 896.8(2)
B/ 90.76(3) 90.96(3)
V/nm? 0.2718(2) 0.2721(2)
Formula units per cell Z=4 Z=4
Temperature/K 293(2) 293(2)
Calculated density /g-cm—3 6.847 4.71
Crystal size/mm3 0.044 x 0.030 x 0.022 0.02 x 0.02 x 0.02
Detector distance/mm 50.0 30.0
Scan time per degree/min 80.0 80.0
Absorption coefficient /mm ! 38.24 3.890
F (000) /e 488 360
0 range/* 3.1-35.0 3.7 - 34.8
Range in hkl 7/+6, -11/+9, +14 6/+7, -11/+10, +14
Total no. reflections 5887 2203
Independent reflections 1186 (Rint = 0.0372) 1166 (Rins = 0.0352)
Reflections with T > 2¢(T) 1144 (R, = 0.0352) 969 (R, = 0.0437)
Data/parameters 1186/74 1166/73
Absorption correction numerical (HABITUS [132]) multi-scan

(SCALEPACK [133])
Transm. ratio (min/max) 0.270/0.497 -
Goodness-of-fit (F?) 1.165 1.027
Final R indices (I > 20(1)) R1 = 0.0201 R1 = 0.0262

wR2 = 0.0498 wR2 = 0.0540
R indices (all data) R1 = 0.0210 R1 = 0.0379
wR2 — 0.0502 wR2 — 0.0576

Extinction coefficient 0.068(2) -

Largest diff. peak, deepest hole/A-e=3  2.143/-2.432 0.79/-0.93
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Table 4.3: Atomic coordinates and equivalent isotropic displacement parameters Ueq/ A2 of
B-MB,O; (M = Hf, Zr) (space group P2;/c; all Wyckoff sites 4¢). Ueq is defined as one third
of the trace of the orthogonalized Uj; tensor (standard deviations in parentheses).

Atom x y Z Ueq

Hf 0.00132(3) 0.11281(2) 0.67087(2) 0.00420(8)
B1 0.5267(8) 0.2286(6) 0.4232(4) 0.0046(6)
B2 0.4652(9) 0.0871(7) 0.1655(4) 0.0039(6)
01 0.7874(6) 0.0898(4) 0.1790(3) 0.0050(4)
02 0.3297(6) 0.8950(3) 0.1502(3) 0.0051(5)
03 0.3456(5) 0.2215(4) 0.0547(3) 0.0048(4)
04 0.3039(5) 0.1555(4) 0.3078(3) 0.0043(4)
05 0.7685(6) 0.0963(4) 0.4679(3) 0.0048(4)
Zr 0.00127(5) 0.11284(3) 0.67103(2) 0.00605(7)
B1 0.5271(6) 0.2299(4) 0.4230(3) 0.0072(5)
B2 0.4641(6) 0.0868(4) 0.1656(3) 0.0072(5)
01 0.7861(4) 0.0902(2) 0.1790(2) 0.0076(3)
02 0.3307(4) 0.8955(2) 0.1504(2) 0.0077(3)
03 0.3477(4) 0.2212(2) 0.0540(2) 0.0082(3)
04 0.3055(4) 0.1549(3) 0.3077(2) 0.0074(3)
05 0.7689(4) 0.0974(2) 0.4674(2) 0.0080(3)

Table 4.4: Anisotropic displacement parameters of 3-MB,O; (M = Hf, Zr) (standard deviations
in parentheses).

Atom U Uasa Uss Uas Uis Uiz

Hf 0.0050(2)  0.0039(2)  0.0038(2)  0.00006(3) -0.00011(6)  0.00006(3)
B1 0.007(2)  0.003(2)  0.0042)  0.000(2)  -0.001 (2)  0.001(2)
B2 0.0042)  0.005(2)  0.002(2)  -0.001(2)  0.000(2)  -0.001(2)
01 0.004(2)  0.005(2)  0.006(2)  0.0014(8)  0.0001(8)  0.0001(8)
02 0.006(2)  0.003(2)  0.006(2)  -0.0010(7)  0.0011(8)  -0.0011(7)
03 0.0048(9)  0.004(2)  0.0054(9)  0.0017(8)  0.0005(7)  0.0013(8)
04 0.004(2)  0.004(2)  0.0044(9) -0.0015(8)  0.0001(7)  -0.0005(8)
05 0.004(2)  0.004(2)  0.006(2)  -0.0009(7) -0.0014(8)  0.0008(7)
7r 0.0064(2)  0.0059(2)  0.0059(2)  0.00001(7) 0.00026(7)  0.00003(8)
B1 0.008(2)  0.007(2)  0.007(2)  -0.0015(8)  -0.0002(9)  -0.0001(9)
B2 0.008(2)  0.007(2)  0.007(2)  -0.0003(8)  0.0016(9)  0.0008(9)
01 0.0071(7)  0.0084(8)  0.0071(7)  0.0013(6)  0.0001(6)  0.0000(6)
02 0.0084(7)  0.0065(8)  0.0083(7)  0.0003(6)  0.0016(6)  0.0005(6)
03 0.0083(7)  0.0076(8)  0.0088(7)  0.0011(6)  0.0010(6)  0.0019(6)
04 0.0080(7)  0.0076(7)  0.0065(7)  0.0003(6) -0.0001(6)  -0.0003(6)
05 0.0091(7)  0.0071(8)  0.0077(7)  0.0013(6)  0.0003(6)  0.0008(6)

4.1.3.3 Crystal Structure Description

The crystal structure of 3-MB,O; (M = Hf, Zr) is built up from corner-sharing
BOg-tetrahedra (QPl), which are interconnected to layers, separated by the cor-
responding cations (Figure 4.10). These layers extend parallel to the be-plane
and are based on “Vierer”- and “Achter’- rings (rings consisting of four and eight

tetrahedral centres, respectively; the expressions refer to the german words vier
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and acht, which mean four and eigth, respectively [39]) of BO4-tetrahedra (Figure
4.11). Figures 4.12 and 4.13 give a view of the M*" (M = Hf, Zr) ions, which
separate the borate sheets and are coordinated by eight oxygen atoms in a dis-

torted square-antiprismatic way. In the two crystallographically distinguishable

Figure 4.10: Crystal structure of 3-MB,O; Figure 4.11: View on one borate layer in f3-

(M — Hf, Zr) with view along [010], revealing MB,O; (M — Hf, Zr).

layers of BO,-tetrahedra separated by M-

ions.

BOy,-tetrahedra, the B-O distances vary between 142 and 154 pm in both isotypic
structures, with a mean value of 147.1 pm in 3-HfB,0O, and 146.8 pm in (3-ZrB,O;.
This corresponds to the known average value of 147.6 pm for boron-oxygen bonds
in BOg-tetrahedra [232, 233]. The O-B-O angles range between 99.6 and 116.5°
with a mean value of 109.5° and between 99.8 and 115.7° with a mean value of
109.4° for the Hf-phase and the Zr-phase, respectively. The Hf-O distances range
from 208 to 241 pm with a mean value of 221.2 pm in 3-HfB,0O, which is slightly
higher than the average Hf-O distance of 218.8 pm found in HfSiO, [234] or f3-
HfMo,Og [235] exhibiting hafnium in eightfold oxygen-coordination. In the case
of B-ZrB,0; the Zr O distances vary from 208 to 241 pm with an average value of
221.7 pm. This is also slightly higher than the average Zr-O distance of 219.8 pm
in zirconia (ZrSiO,) |236] or 219.5 pm in ZrMo,Og [237], which both exhibit zir-
conium in eight-fold coordination.

The application of Liebau’s nomenclature for silicates [39] to the arrangement
of tetrahedra in the structure of 3-MB,O; (M — Hf, Zr) leads to the formula
M{uB, 1% }[*B50s], representing an unbranched “Vierer” single layer. The term
“Vierer” was coined by F. Liebau [39] and is derived from the german word vier,
which means four. The whole borate-layer in 3-MB,O, (M — Hf, Zr) can be
built up by an unbranched chain consisting of four tetrahedral centres by applying
the symmetry element 1 followed by translation. Figure 4.11 shows one of these

“Vierer” chains, highlighted in red.
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Figure 4.12: Distorted square-antiprismatic
coordination of M** in B-MB,O, (M = Hf,
Zr).

Figure 4.13: Coordination polyhedra in f3-
MB,O; (M = Hf, Zr).

Table 4.5: Interatomic distances/pm in p-MB,O5 (M — Hf, Zr) (space group P2;/¢) calculated
with the single crystal lattice parameters (standard deviations in parentheses).

B-HfB, O B-ZrB,0;

Hf-O5a  207.9(3) B1-O5  145.2(5) Zr-O5a  207.9(2) BI1-05  145.3(3)
Hf-Ola  214.4(3) B1-02  147.0(4) Zr-Ola  2146(2) BI1-03  146.5(3)
Hf-O5b  216.5(3) B1-03  147.2(4) Zr-O5b  217.1(2) B1-02  146.5(3)
Hf-03  217.2(2) B1-04  150.1(4) 7r-02  2184(2) B1-04  150.1(3)

HE-02  218.0(3) O =147.4 7r-03  218.7(2) 0 = 147.1
Hf-Olb  225.9(3) B2-O1  141.7(5) Zr-Olb  226.1(2) B2-01  141.7(3)
Hf-Oda  229.5(3) B2-03  145.3(5) Zr-Oda  229.8(2) B2-02  145.2(3)
Hf-O4b  240.6(3) B2-02  145.9(5) Zr-O4b  241.0(2) B2-03  145.2(3)
0 = 221.2 B2-04  154.2(4) 0 = 221.7 B2-04  153.6(3)

O = 146.8 O = 146.4

Table 4.6: Interatomic angles/* in 3-MB,O; (M = Hf, Zr) calculated with the single crystal
lattice parameters (standard deviations in parentheses).

B-HfB,0, B-ZrB, 0,
02-B1-04 103.4(2) 02-B2-04 99.6(3) 02-B1-04 103.7(2) 02-B2-04 99.8(2)
03-B1-04 106.2(3) 03-B2-04 101.9(3) 03-B1-04 106.3(2) 03-B2-04 102.5(2)
05-B1-02 107.4(3) 03-B2-02 111.9(3) 05-B1-02 107.5(2) 02-B2-03 112.4(2)
05-B1-03  109.0(3) 01-B2-04 113.1(3) 05-B1-03  109.0(2) O1-B2-03 112.8(2)
02-B1-03 114.5(3) O1-B2-03 113.6(3) 02-B1-03 114.8(2) O1-B2-04 113.0(2)
05-B1-04 116.5(3) O1-B2-02 115.1(3) 05-B1-04 115.7(2) O1-B2-02 115.0(2)
@ = 109.5 @ = 109.5 O = 109.5 @ = 1095

A comparison of the isotypic phases shows that the bond-lengths and -angles
of the two phases are nearly identical. This is in accord with the similar ionic
radii of Zr** (98 pm) and Hf** (97 pm) in an eightfold oxygen-coordination |238|.
Appropriate to that, the lattice parameters of B-HfB,O. (a — 438.48(9), b —
690.60(2), ¢ = 897.60(2) pm, and 3 = 90.76(3)°) are nearly equal to those of
B-ZrB,O; (a = 439.04(9), b = 691.2(2), ¢ = 896.8(2) pm, and 3 = 90.96(3)°).

The arrangement of BOy-tetrahedra in 3-MB,O; (M = Hf, Zr), exhibiting
“Vierer”- and “Achter” rings, reminds of the crystal structure of apophyllite
KCa,[Si O], (F,OH) - 8 H,O [239] (Figure 4.14). This structure is also composed
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of layers of rings (SiOg-tetrahedra) with the same ring-sizes, but the tetrahedral

sequence inside the rings shows a different topology.

A closer comparison of the orientation of tetrahedra leads to minerals of the
gadolinite group, in which the topology of the tetrahedra is identical to the arrange-
ment in 3-MB,O; (M — Hf, Zr). Figure 4.15 shows the structure of gadolinite-
(Y) Y,Be,FeSi, 040, [240, 241|, exhibiting the same arrangement of tetrahedra
as found in B-MB,O, (M = Hf, Zr). The difference is that the tetrahedra in
gadolinite-(Y) are centred alternately by beryllium (green polyhedra) and silicon
atoms (orange polyhedra). Additionally, iron atoms are positioned in the origin
of the unit cell beneath and above the four-membered rings. Several minerals
and synthetic compounds belong to the gadolinite group (space group P2;/c),
which can be represented by the general chemical formula A,Z,XSi,O4(0O,0H),.
Demartin et al. |242| reviewed several members of this family, including datolite
CaBSiO,(OH) [243-246| (Figure 4.16), homilite Ca,B,FeSi, 040, [247|, hingganite-
(Y) Y,Be,Si,O4(OH), [242], hingganite-(Yb) Yb,Be,Si,Oq(OH), [248],
minasgeraisite-(Y) Y,Be,CaSi,O4(OH), [249|, and synthetic compounds like
calcybeborosilelite-(Y)  (Y,Ca),(B,Be),Si,04(OH,0), [250], calciogadolinite
CaYBe,FeSi, 040, [251 253], and NiYb,Be,Si,O,, [254]. A common feature of all
these compounds is the fact that at
least half of the tetrahedral positions
are occupied by silicon atoms. This
is also expressed by the general formula
A,7,X8Si,04(0,0H),, in which Z stands for
the atoms, that occupy the second half of
tetrahedral positions. To include the re-
placement of silicon at the tetrahedral posi-
tion against other suitable atoms, we mod-
ified the general formula of Demartin et al.
to AyZyXTy04(0,0H),. This way, com-
pounds like herderite Ca,Be,P,O4(OH),
[255], bakerite Ca,B.Si,O,:(OH), [256], Figure 4.14: Crystal Structure of apophyl-

] lite KCa,[Si,O](F,0H) - 8 H,O with
Cllez(B205)2 I257]a NIHOQ(BQOE))Q I258] view along [001]. K is shown as yellow,

. 24 4+ . 2
and the diborates 3-MB,O, (M = Hf, Zr) gaf as Orange’dSlHJraS p}i?k’ko L as blue,
] ) as green, an as black spheres.
— M,B,B,040, can be included into the

systematic representation of this structure

family. Table 4.7 gives a survey of the different compositions including cell param-
eters, volume, ¢/a-, b/a-ratio, density, and an assignment of the cations to their

positions.

In the general formula A,Z,XT,04(0,0H),, the A site is occupied by rare earth
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Figure 4.15: View of the crystal structure Figure 4.16: Projection of the structure of

of gadolinite-(Y) along [100]. Y®" ions are datolite in the be-plane. Ca*" ions are shown
shown as red spheres, Fe?" as gray spheres. as gray spheres, protons as black spheres.
Orange tetrahedra represent SiO,-groups and Orange polyhedra represent SiO ,-groups and
green tetrahedra BO ,-groups. blue polyhedra BO,-groups.

(RE) or calcium ions, Z includes boron or beryllium, the T site contains silicon,
phosphorous, or boron, and the X site can be filled with Fe?", Ni*", and Cu®"
ions or remains empty. The occupation with Ca?" or Fe®', as listed in the exam-
ples calciogadolinite and minasgeraisite-(Y), seems to be most doubtful. Often,
vacancies on the X site are charge balanced by the substitution of oxygen ions for
hydroxyl ions, e.g. RE,Be,FeSi,0,0, (gadolinite) — RE,Be,Si,O4(OH), (hing-
ganite). Burt described this substitution giving an operator (OH),(FeO,) ;, not
involving real vacancies but favored on crystal-chemical reasons for balancing the
charge variation [259]|. Furthermore, the replacement of RE and Be by Ca and B,
respectively, leads to the second operator CaB(REBe) ;. Starting with gadolinite
RE,Be,FeSi,040,, the operator (OH),(FeO,) , leads to the end member hinggan-
ite, CaB(REBe) ; to the final compound homilite Ca,B,FeSi,O40,, and if both
operators act together, datolite Ca,B,Si,0O4(OH), is the final end member of these
substitutions. Figure 4.16 shows the structure of datolite, built up from BO,;OH
(blue tetrahedra) and SiO,-tetrahedra (orange polyhedra), in which the X site is
empty. For compensation, the hydrogen atoms of the hydroxyl groups point to
the X site. A detailed discussion of further variants of substitution can be found
in Reference [242]|. Also other variants can be realized by substitutions on the T
site, e.g. herderite Ca,Be,P,O4(OH),, which is built up from sheets of corner-
sharing PO,- and BeO;OH-tetrahedra (alternating). Even a total occupation of
the tetrahedral positions by boron atoms was possible in the synthetic compounds
CuTm,(B,05), and NiHo,(B,0Ox),.

In this structure family, the diborates 3-MB,O, (M = Hf, Zr) represent the
first ternary compounds with M** on the A site, boron on the Z and T sites, and

an empty position X corresponding to “M,B,B,040,” — MB,0O,. Hydrogen was
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excluded by IR spectroscopic investigations, in which no absorptions of hydroxyl
groups or water could be found. So, 3-MB,O, (M = Hf, Zr) can be considered as
the simplest structural variant of all compounds belonging to the gadolinite family.
Table 4.7 illustrates that the unit cell of 3-MB,O5 (M = Hf, Zr) has the lowest
extension (Hf: V = 0.2718(2) nm?; Zr: V = 0.2721(2) nm?) of all compounds given,
while the ¢/a and b/a ratios correspond to the values of the other phases. This is
caused by the fact that 3-MB,O, (M — Hf, Zr) are dense metastable high-pressure

phases.



Table 4.7: Review of substances with the general formula A,Z,XT,04(0,0H), -

Name Formula A 7 T X a/pm b/pm c/pm B/° c/a b/a V/A3 p/g:em™3  Ref.
Gadolinite-(Y) Y, Be,FeSi, 0,0, Y Be Si Fet  476.8(1)  756.5(2)  1000.0(2) 90.31(2) 2.097 1.586 360.7(1) 4.307 [240, 241]
Datolite Ca,B,8i,0,(0H), Ca B Si vac. 483.2(4) 760.8(4) 963.6(8) 90.40(7) 1.994 1.575 354.2 2.999 [243, 246]
Homilite Ca,B,FeSi, 0,0, Ca B Si Fet  477.6(1)  762.1(2)  978.6(2)  90.61(2) 2.049 1.596 356.2(1) 3.451 [247]
Hingganite-(Yb) Yb,Be,Si,Og (OH), Yb  Be Si vac.  474.0(2)  760.7(3)  988.8(5)  90.45(4) 2.086 1.605 356.5 5.424 [248]
Hingganite(Y) Y,Be,Si,04(OH), Y Be Si  vac.  474.4(7)  757.1(8)  98L1.1(11) 90.26(2) 2.068 1.596 352.4(8) 3.901 [242]
Minasgeraisite-(Y)? Y, Be, CaSi, 04 (0OH), Y Be  Si Ca?t  470.2(1)  756.2(1)  983.3(2)  90.46(6) 2.091 1.608 349.6(2) 4.313 [249]
Bakerite Ca,B,Si,0,,(OH), Ca B Si vac.  480.0(1)  757.9(1)  954.3(1)  90.44(1) 1.988 1.579  347.2 2.982 [256]
Calcybeborosilelite-(Y)  (Y,Ca),(B,Be),S1,0,(OH,0), Y,Ca BBe Si vac*® 476.6(2) 760.0(2) 984.6(4) 90.11(3) 2.066 1.595 356.6 3.408 [250]
Calciogadolinite? CaYBe,FeSi,0,0, Y.Ca Be Si Fedt  469.6(1)  756.6(2)  998.8(2)  90.1(2)  2.127 1.611 354.0(2) 3.931 [251 253]
NiYb,Be,Si, 0, Yb  Be Si Ni2t  466.4(4)  738.5(4)  986.6(8)  90.02 2.115  1.583  339.8 6.244 [254]
Herderite Ca,Be,P,04(OH), Ca Be P vac.  480.4(1)  766.1(1)  978.9(2)  90.02(1) 2.038 1.595 360.3 2.969 [255]
CuTm,(B,0;), Tm B B Cu2t  452.18(7) 720.0(2)  929.2(5)  90.16(5) 2.055 1.593 302.5(2) 6.638 [257]
NiHo,(B,O), Ho B B Ni2t  451.0(4)  724.8(3)  938.8(6)  91.39 2.082  1.607 306.8(3) 6.406 [258]
B-Hafnium-diborate HfB,O, — Hf,B,B,0,0, Hf B B vac.  438.48(9) 690.60(2) 897.60(2) 90.76(3) 2.047 1575 271.8(2) 6.847 [230]
B-Zirconium-diborate  ZrB,0, — 7r,B,B,040, 7 B B vac.  439.04(9) 691.2(1)  896.8(1)  90.96(3) 2.043 1.574 272.1(2) 4.708 [231]
vac. = vacant;

@ nearly vacant;

b doubtful, redetermination of the crystal structure would be useful

SojrIOg] [BI9JN UOISURI], [}

e¢
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4.1.3.4 Thermal Behaviour

Temperature-programmed X-ray powder diffraction experiments were performed
on a STOE Stadi P powder diffractometer (MoK ;) with a computer controlled
STOE furnace. The samples were 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. Afterwards, the samples were cooled down to 500 °C in 50 °C steps, and
below 500 °C in 100 °C steps. At each temperature a diffraction pattern was
recorded over the angular range 7°< 20 < 22°. Figures 4.17 and 4.18 illustrate
the temperature-programmed X-ray powder diffraction patterns of (3-HfB,0O, and
-ZrB,0O; showing a decomposition of the high-pressure phase into the binary
transition metal-oxides and supposed B, O, after successive heating to 800 — 850 °C.

Heating above 1000 °C caused a reaction with the quartz capillary, leading to
HfSiO, [234].

100 ]
300
5007 |
600 - B-HfB,0O;
700 i
& | 800+ I
E 900 HfO,
5 | 1000
= | 1100
5
2 11000
E | 900
= | 800 HfO,,
700 HfSiO,
600
500
300 -
v 100
T 1 T T T T
9.0 1.0 13.0 15.0 17.0 19.0 21.0

2Theta /° (. = 71.073 pm)

Figure 4.17: Temperature-programmed X-ray powder patterns of (3-HfB,O;.

100
300
500
600 - i B-ZrB,0;
700 i
O 800
~1 900
-5
-
= | 1000 1
=
£ 1 1100
D
£{ 1000 ZrJrOZ
S| 9001
= B,0
800 23
700
600
500
300 |
" 100 4 T T T T T T
9.0 1.0 13.0 15.0 17.0 19.0 210

2Theta /° (A =71.073 pm)

Figure 4.18: Temperature-programmed X-ray powder patterns of -ZrB,0O;.



4.1 Transition Metal Borates 55

4.1.3.5 Theoretical Calculations

The calculation of bond-valence sums for 3-MB,O, (M — Hf, Zr) with the help
of bond-length /bond-strength (3 V') [164, 165] and CHARDI (X@Q)) [167] concepts
confirm the formal ionic charges of the atoms, acquired by the X-ray structure

analysis. Table 4.8 shows the value of each atom.

Table 4.8: Charge distribution in $-MB,0; (M = Hf, Zr) calculated with the bond-length /
bond-strength concept (X V) and the CHARDI concept (XQ).

B-HfB,0, Hf Bl B2 01 02 03 04 05
$Q +401  +298  +302 -1.94 208  -210  -1.81  -2.08
SV 4378 4303 4310 -1.84  -2.05  -207  -1.97  -1.98

B-ZrB,0, 7Zr Bl B2 01 02 03 04 05
$Q +387  +306 +3.13 -1.87 209  -209  -2.00  -2.02
SV 4401 4297 4302 -1.93 210  -209  -1.81  -2.07

Furthermore, we calculated the MAPLE values (Madelung Part of Lattice
Energy) [161-163] for p-MB,O5 (M — Hf, Zr) in order to compare them with
MAPLE values of the binary components MO, and the high-pressure modification
B,0,-11 [82]. For B-HfB,0; we obtained a value of 34626 kJ-mol~! in comparison
to 34729 kJ-mol~! (deviation: 0.3 %), starting from the binary oxides (1 x HfO,
(12791 kJ-mol™!) + 1 x B,O,-II (21938 kJ-mol™')). In the case of B-ZrB,Ox,
the calculated value (34651 kJ-mol™') and the MAPLE value obtained from the
sum of the binary oxides (1 x ZrO, [260] (12713 kJ-mol™!) + 1 x B,05-11 (21938

kJ-mol™') = 34661 kJ-mol™!) tally well (deviation 0.03 %).
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4.1.4 The New Borates 3-MB,0, (M = Mn, Co, Ni, Cu)

4.1.4.1 Syntheses

The isotypic high-pressure phases 3-MB,O, (M = Mn, Co, Ni, Cu |261]) were
synthesized under high-pressure /high-temperature conditions according to Equa-
tions 4.2 — 4.5. Starting materials for the syntheses were B,O4 (Strem Chemicals,
Newburyport, USA, 99.9%) and the transition metal oxides MnO,, Co,0,, NiO,
and CuO. The stoichiometric mixtures were ground up and filled into boron ni-
tride crucibles (Henze BNP GmbH, HeBoSint® S10, Kempten, Germany) (18/11

assemblies).
75 GPa_

MnO, +2B,0; === B-MnB,0; + 3 10, (4.2)
C0,04 + 4 B,0, -2, U 2-CoBL0; + 50, (4.3)
NiO + 2B,0, ~252, =22, B-NiB,O; (4.4)
Cu0 + 2B,0, 252 3_CuB,0, (4.5)

For the syntheses of 3-MB,O, (M — Mn, Co, Ni, Cu), 18/11 assemblies were
compressed within 180 min to 7.5 GPa and heated to 1000 °C (Mn)/ 1250 °C
(Co)/ 1150 °C (Ni)/ 550 °C (Cu) at constant pressure in the following 10 min-
utes. After the crucibles had stayed at this temperature for 5 min, the samples
were cooled down to 650 °C (Mn, Co)/ 520 °C (Ni)/ 300 °C (Cu) in another 15
min. Afterwards, the samples were quenched to room temperature by switching
off the heating, followed by a decompression period of 540 minutes. Then, the re-
covered pressure media were broken and the samples carefully separated from the
surrounding boron nitride crucibles. The compounds were gained as air- and water-
resistant, crystalline solids. 3-MnB,0, was obtained as colourless, 3-CoB,0 as
dichroic (red/grayish green), 3-NiB,O. as dichroic (orange/pale yellow), and f3-
CuB,O; as blue crystals. Figure 4.19 shows the obtained high-pressure phases
B-CoB,0O;, p-NiB,O;, and 3-CuB,O; (from left to right) inside the BN-crucibles.
The middle picture presents, next to crystals of the yellow 3-NiB,O,, elemental
Ni in the outer area of the crucible (hottest zone during the synthesis), whereas
in the inner area the green phase HP-NiB,O, (see section 4.1.6) appears. On the
right picture, apart from blue 3-CuB,O. crystals, elemental Cu can be observed.

Recently Stephanie Neumair could synthesize another representative of the iso-
typic compounds 3-MB,O, (M = Mn, Co, Ni, Cu, Zn): B-FeB,O,. This com-
pound was obtained by the use of a high-pressure/high-temperature conversion at
10.5 GPa and 1200 °C.

The reaction between MnO,/Co,04 and boron oxide did not succeed in a
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S

Figure 4.19: Samples of 3-CoB,O;, f-NiB,O;, and p-CuB,0, (from left to right).

Mn(IV)/Co(III) oxoborate but the metal cations were reduced to the oxidation
state 2+. We often observe the reduction of the metal oxides to lower oxidation
states or to the metals in the used high-pressure assembly. In the case of [3-
NiB,O, and -CuB,0O;, we found tiny particles of elemental nickel and copper at
the boundary layer between the h-BN crucible and the reaction mixture (hottest
area during the syntheses) as shown in Figure 4.19. At higher temperatures, these
small spheres of metal can also be observed as impurities in the inner part of the
reaction product. Therefore, it is important to maintain exactly the optimized
temperatures and heating times in order to get nearly phase pure samples. In the
system Co,04/B,0,, a decrease of the synthetic temperature leads to a new phase
with the composition Co;B,,0,4OH, which is described in section 4.1.8. Never-
theless, we often observe small impurities in the powder diffraction patterns even

at these optimized conditions, which cannot be assigned to any known phase.

4.1.4.2 Crystal Structure Analyses

Powder diffraction experiments were performed on a STOE Stadi P powder diffrac-
tometer with monochromatized MoK, (A — 71.073 pm) radiation from a flat sam-
ple. The patterns were indexed with the program TREOR [122-124] on the basis of
an orthorhombic unit cell. The lattice parameters (Table 4.9) were calculated from
least-squares fits of the powder data. Intensity calculations, taking the atomic po-
sitions from the structure refinement [121], confirmed the correct indexing of the
patterns of 3-MB,O, (M = Mn, Co, Ni, Cu). The lattice parameters, determined
from the powder data and single crystal data, fit well. Figure 4.20 shows a com-
parison of the experimental powder patterns (top) to the patterns derived from
single crystal data (bottom).

For the crystal structure analyses, small, irregularly shaped single crystals of the
compounds 3-MB,O; (M — Mn, Co, Ni, Cu) were examined through a Buerger
camera, equipped with an image plate system (Fujifilm BAS-2500) in order to
establish both, symmetry and suitability for an intensity data collection. The sin-

gle crystal intensity data were collected at room temperature by a STOE IPDS-I
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Figure 4.20: Powder diffraction patterns of 3-MB,0O, (M = Mn, Co, Ni, Cu) (top) in compar-
ison to the simulated powder data (bottom).

diffractometer ($-MnB,O,, p-CoB,0,, 3-NiB,O,) with graphite monochroma-
tized MoK radiation (A = 71.073 pm). For 3-CuB,O; an Enraf-Nonius Kappa
CCD with graded multilayer X-ray optics and MoK, (A — 71.073 pm) radiation
was used. In the case of 3-MnB,0,, 3-CoB,0O,, and (3-NiB,O,, a numerical ab-
sorption correction was carried out (HABITUS [132]). To 3-CuB,O-, a multi-scan
absorption correction was applied (SCALEPACK [133]). All relevant details of the
data collections and evaluations are listed in Table 4.9. The atomic parameters
of B-ZnB,0O, were taken as starting values for all four borates, and the structures
were refined by using SHELXL-97 (full-matrix least-squares on F'?) [135, 136] with
anisotropic atomic displacement parameters for all atoms. The final difference
Fourier syntheses did not reveal any significant residual peaks in all refinements.
The positional parameters of the refinements, anisotropic displacement parame-

ters, interatomic distances and angles are listed in Tables 4.10  4.15.
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Table 4.9: Crystal data and structure refinement of 3-MB,0O, (M = Mn, Co, Ni, Cu) (standard

deviations in parentheses).

Empirical formula
Molar mass/
g-mol~1

Crystal System
Space group
Single crystal
diffractometer
Radiation

Single crystal data
a/pm

b/pm

c/pm

V/nm3

Powder diffractometer
Radiation

Powder data
a/pm

b/pm

c/pm

V/nm?

Formula units per cell

Calculated density/g-cm™

Crystal size/mm?
Temperature/K
Detector distance/mm

Exposure time/min

Absorption coeflicient /mm™

F (000)/e
0 range/°
Range in hkl

Total no. reflections
Independent reflections

Reflections with T > 20(T)

Data/parameters
Absorption correction

Transm. ratio (max/min)

Goodness-of-fit (F?)
Final R indices

(I > 20(I))

R indices (all data)

Extinction coefficient

Largest diff. peak, deepest

hole/A.e—3

MnB,O,
210.18

Stor IPDS 1

1088.5(2)
663.3(2)
518.7(2)
0.3745(2)

2
2

1089.6(2)
664.2(2)
519.02(8)
0.3756

3.73
0.03x0.03x0.02
293(2)

50

15

3.497

404

3.6 — 30.4
+15,-9/+7,46

1914

315

(Rint — 0.0231)
299

(Ro = 0.0134)
315/35

CoB,0; NiB,O,
21417 213.95
orthorhombic
Cmem
Stor IPDS 1 Stor IPDS 1

MoKy (A = 71.073 pm)

1087.0(2)
646.8(2)
517.4(2)
0.3638(2)

1087.5(2)
636.8(2)
518.0(2)
0.3588(2)

SToE Stadi P
MoKx1 (A = 71.073 pm)

1089.2(2)
674.4(2)
518.08(8)
0.3654

7 =
3.91
0.19x0.09x0.052
293(2)
40
12
4.689
412
3.7-32.9
+16,49,-7/+6

2506
361

(Rint — 0.0268)
334

(Ro = 0.0125)
361/36

1086.3(3)
635.8(2)
517.5(2)

0.3574

4

3.96
0.094x0.056x0.01
293(2)

40

26

5.379

416

3.7-329
-15/+16,49,+7

2257

384

(Rint — 0.0688)
285

(Ro = 0.0475)
384/36

numerical (Hasrrus [132])

0.9146/0.8373
1.148

R1 = 0.0198
wR2 = 0.0550
R1 = 0.0209
wR2 — 0.0553

0.419/-0.321

0.7478/0.6372

1.112
R1 = 0.0207
wR2 = 0.0557
R1 = 0.0224
wR2 — 0.0561
0.018(5)
0.421/-0.669

0.9094/0.8031
1.026

R1 = 0.0372
wR2 = 0.0853
R1 = 0.0544
wR2 — 0.0894
0.014(4)
0.765/-1.183

CuB,O,
218.78

Enraf-Nonius
Kappa CCD

1082.0(2)
646.3(2)
512.0(2)
0.3580(2)

1080.7(3)
645.7(2)
511.20(9)
0.3567

4.06
0.03x0.03x0.02
293(2)

35

75

6.071

420

3.7 - 46.3
+21,-11/+12,
-10/+9

3111

842

(Rint — 0.0690)
703

(Re = 0.0502)
842/36
multi-scan
(ScALEPACK
[133])

1.051
R1 = 0.0346
wR2 = 0.0813
R1 = 0.0508
wR2 — 0.0882
0.012(3)
1.239/-1.238
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Table 4.10: Atomic coordinates, equivalent isotropic displacement parameters U eq/A2, and
anisotropic displacement parameters/A?2 of 3-MnB,O, (space group Cmcm). U eq 18 defined as
one third of the trace of the orthogonalized U,;; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position
Mn de 0 0.22327(6)  1/4 0.0051(2)
Bl 8¢ 0.2072(2)  1/2 0 0.0037(4)
B2 8¢ 0.1194(2)  0.2032(3)  3/4 0.0041(4)
01 dc 0 0.9028(3)  1/4 0.0044(4)
02 8¢ 0.7844(2)  0.9744(2)  1/4 0.0035(3)
03 16h 0.13266(8)  0.3218(2)  0.9771(2)  0.0043(2)
Ui Ua2 Us3 Uas Uiz Uiz
Mn 0.0057(2)  0.0055(2)  0.0042(3) 0 0 0
B1 0.0047(8)  0.0040(8)  0.0025(9)  0.0000(6) 0 0
B2 0.0039(8)  0.0041(8)  0.0043(9) 0 0 0.0000(6)
01 0.0034(8)  0.0033(8)  0.007(2) 0 0 0
02 0.0039(5)  0.0040(5)  0.0026(7) 0 0 0.0005(4)
03 0.0050(4)  0.0038(4)  0.0041(5)  -0.0008(3) 0.0006(3) -0.0015(3)

Table 4.11: Atomic coordinates, equivalent isotropic displacement parameters U eq/A2, and
anisotropic displacement parametelrs/A2 of 3-CoB,0O, (space group Cmem). U.q is defined as
one third of the trace of the orthogonalized U,;; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position
Co de 0 0.24207(4)  1/4 0.00630(17)
B1 8e 0.2035(2)  1/2 0 0.0051(3)
B2 8¢ 0.1171(2)  0.1918(3)  3/4 0.0050(3)
01 de 0 0.9224(2)  1/4 0.0053(3)
02 &g 0.7800(2)  0.97619(18) 1/4 0.0046(2)
03 16h 0.12830(7)  0.3165(2)  0.9779(2)  0.0054(2)
Ui Uao Uss Uas Uis Ui
Co 0.0063(2)  0.0070(2)  0.0056(2) 0 0 0
B1 0.0057(6)  0.0046(6)  0.0050(8)  -0.0004(6) O 0
B2 0.0063(7)  0.0045(7)  0.0041(9) 0 0 0.0002(6)
01 0.0048(7)  0.0041(6)  0.007(2) 0 0 0
02 0.0048(5)  0.0060(5)  0.0030(6) 0 0 0.0012(3)
03 0.0066(3)  0.0052(4)  0.0044(5)  -0.0012(3) 0.0008(3)  -0.0017(3)
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Table 4.12: Atomic coordinates, equivalent isotropic displacement parameters U, /Az, and
anisotropic displacement parameters/A? of B-NiB,O, (space group Cmcm). Ueq is defined as
one third of the trace of the orthogonalized U;; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position
Ni Ac 0 0.2568(2)  1/4 0.0125(3)
Bl 8e 0.2021(4)  1/2 0 0.0128(8)
B2 8¢ 0.1160(4)  0.1855(8)  3/4 0.0129(9)
01 Ac 0 0.9333(6)  1/4 0.0120(9)
02 8¢ 0.7781(3)  0.9790(5)  1/4 0.0125(6)
03 16h 0.1262(2)  0.3138(4)  0.9778(5)  0.0123(5)
Atom Uil Ua2 Uss Uas Uiz Uiz
Ni 0.0126(4)  0.0139(4)  0.0109(4) 0 0 0
B1 0.014(2) 0.015(2) 0.009(2) 0.001(2) 0 0
B2 0.015(2) 0.010(2) 0.013(2) 0 0 -0.002(2)
01 0.011(2) 0.011(2) 0.014(2) 0 0 0
02 0.013(2) 0.013(2) 0.012(2) 0 0 0.001(2)
03 0.0131(9)  0.0132(9)  0.011(2) -0.0009(7)  0.0002(8) -0.0004(6)

Table 4.13: Atomic coordinates, equivalent isotropic displacement parameters U, /Az, and
anisotropic displacement, paulraumeters/A2 of 3-CuB,O; (space group Cmem). U, is defined as
one third of the trace of the orthogonalized U;; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position
Cu de 0 0.27374(6)  1/4 0.0061(2)
Bl 8¢ 0.2032(2)  1/2 0 0.0055(3)
B2 8¢ 0.1147(2)  0.1866(3)  3/4 0.0052(3)
01 de 0 0.9254(3)  1/4 0.0047(3)
02 8¢ 0.7795(2)  0.09781(2)  1/4 0.0048(2)
03 16h 0.12673(9)  0.3161(2)  0.9802(2)  0.0054(2)
U Uao Uss Uas Uis Uiz
Cu 0.00530(14)  0.00765(15) 0.00540(16) 0 0 0
B1 0.0059(7)  0.0045(6)  0.0061(8)  -0.0003(6) O 0
B2 0.0044(6) 0.0051(6) 0.0061(8) 0 0 0.0000(5)
01 0.0043(6)  0.0037(6)  0.0059(7) 0 0 0
02 0.0052(4)  0.0043(4)  0.0049(3) 0 0 0.0006(4)
03 0.0059(3)  0.0043(3)  0.0059(4)  -0.0011(3) 0.0007(3) -0.0015(2)
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Table 4.14: Interatomic distances/pm calculated with the single crystal lattice parameters in
-MB,O, (M = Mn, Co, Ni, Cu) (standard deviations in parentheses).

Mn O1 212.5(2) Bl 03 143.9(2) 2x B2 03 142.4(2) 2x 02 Bl  155.5(2) 2x
Mn-03  212.5(2) 4x B1-02  155.5(2) 2x B2-O1  147.8(2) 02-B2  157.6(2)
@ = 149.7 B2-02 157.6(2) @ = 156.2
@ = 147.6
Co-O1  207.4(2) B1-03  144.6(2) 2x B2-03  143.4(2) 2x 02-B1  154.5(2) 2x
Co O3  203.79(9) 4x  BI 02 154.5(2) 2x B2 O1 147.2(2) 02 B2 155.9(2)
@ — 149.6 B2-02  155.9(2) @ — 155.0
@ = 147.5
Ni-O1  206.0(4) B1-03  145.0(3) 2x B2-03  143.9(4) 2x 02-B1  154.2(3) 2x
Ni-O3  200.1(2) 4x B1-02 154.2(3) 2x B2-0O1 147.1(5) 02-B2 155.6(6)
O = 1496 B2 02 155.6(6) @ = 154.7
@ — 1476
Cu O1  225.1(2) Bl 03 145.1(2) 2x B2 03 145.1(2) 2x 02 Bl  153.0(2) 2x
Cu-03  196.6(2) 4x B1-02  153.0(2) 2x B2-O1  143.7(2) 02-B2  156.3(2)
@ =149.1 B2-02 156.3(2) @ =154.1
@ = 147.6
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Table 4.15: Interatomic angles/° calculated with the single crystal lattice parameters in f3-
MB,0, (M = Mn, Co, Ni, Cu) (standard deviations in parentheses).

3-MnB,O,
03a-B1-02a  106.50(6) 01-B2-02 103.2(2) B1-02-B1 113.0(2)
0O3b-B1-0O2b  106.50(6) 03a-B2-02 110.2(2) B1-02-B2 2x  116.15(7)
03a-B1-02b  109.01(6) 03b-B2-02  110.2(2) 0 =115.1
0O3b-B1-O2a  109.01(6) 03a-B2-01 110.6(2)
03a-B1-03b  111.4(2) 03b-B2-01  110.6(2)
02a-B1-02b  114.5(2) 03a-B2-03b  111.7(2)
0 =109.5 0 =109.4
-CoB,O,
03a-B1-02a  106.77(5) 01-B2-02 105.7(2) B1-02-B1 113.7(2)
03h-B1-02b  106.77(5) 03a-B2-02  109.34(8) B1-02-B2 2x  117.08(6)
03a-B1-02b  108.66(6) 03b-B2-02  109.34(8) 0 115.9
03b-B1-0O2a  108.66(6) 03a-B2-01 110.83(9)
03a-B1-03b  111.1(2) 03b-B2-01 110.83(9)
02a-B1-02b  114.9(2) 03a-B2-03b  110.7(2)
0 =109.5 0 =109.5
-NiB,O,
03a-B1-02a  107.5(2) 01-B2-02 106.7(3) B1-02-B2 2x 117.1(2)
03b-B1-02b  107.5(2) 03a-B2-02  109.0(2) B1-02-B1 114.2(3)
03a-B1-02b  108.0(2) 03b-B2-02 109.0(2) 0 =116.1
03h-B1-02a  108.0(2) 03a-B2-01  111.0(2)
03a-B1-03b  110.6(3) 03b-B2-01  111.0(2)
02a-B1-02b  115.1(3) 03a-B2-03b  110.1(4)
0 =109.5 0 = 109.5
-CuB,O,
03a-B1-02a  106.87(7) 01-B2-02 106.8(2) B1-02-B1 113.6(2)
03b-B1-02b  106.87(7) 03a-B2-02  109.1(2) B1-02-B22x  117.29(7)
03a-B1-02b  108.96(7) 03b-B2-02 109.1(2) 0 =116.1
0O3b-B1-0O2a  108.96(7) 03a-B2-01 111.6(2)
03a-B1-03b  110.5(2) 03b-B2-01 111.6(2)
02a-B1-02b  114.7(2) 03a-B2-03b  108.6(2)
0 =109.5 0 =109.5

4.1.4.3 Crystal Structure Description

The crystal structures of 3-MB,O, (M = Mn, Co, Ni, Cu) are isotypic to the
structure of 3-ZnB,O; [171], which was also synthesized under high-pressure/high-
temperature conditions (10.5 GPa, 1000 °C, multianvil assembly). Figure 4.21
gives a view of the structure of 3-MB,O, (M — Mn, Co, Ni, Cu, Zn), in which
all boron atoms coordinate to four oxygen atoms in a distorted, tetrahedral way.
These polyhedra are linked via common corners forming a three-dimensional net-
work of BO,-tetrahedra. 2/5 of the oxygen atoms bridge three boron atoms (O?l),
while 3/5 connect two boron atoms (O?). Along c, the structure shows channels
of “Vierer” and “Sechser” rings (rings consisting of four and six tetrahedra, respec-

tively) [39]. The metal cations are positioned inside the “Sechser” ring channels,
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whereas the “Vierer” ring channels stay empty. Figure 4.22 shows the bigger ring

Figure 4.21: Crystal structure of 3-MB,0O, (M = Mn, Co, Ni, Cu, Zn) with view along [001].
M is shown as dark red, B as red, O[?! as blue, and O®! as green atoms.

channels along [100] (left) and [001] (right). The right figure shows the conjunction
of the “Sechser” rings via two BO  -tetrahedra. Thereby, other “Sechser” rings and
additionally “Dreier” rings (consisting of three BO ,-groups) are built. All oxygen
atoms inside of the “Sechser” ring channels bridge two tetrahedral BO ,-groups, the
oxygen atoms outside of the channels connect three tetrahedral centres, linking the
large channels to form a network structure. The external linkage of the “Sechser”

rings results in the formation of empty “Vierer” ring channels.

Figure 4.22: “Sechser” ring channels in 3-MB,0O, (M — Mn, Co, Ni, Cu). Left: view along
[001]; right: view along [100].

An investigation of boron-oxygen distances in 3-MB,0O, (M = Mn, Co, Ni, Cu)
reveals values of 142.4-157.6 (Mn), 143.4-155.9 (Co), 143.9-155.6 (Ni), and 143.7-
156.3 (Cu) pm (Table 4.14). This fits well to the distance range found in 3-ZnB,0,
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(143.6-156.2 pm). The average B-O bond-lengths are 148.6 pm (f3-MnB,O,, j3-
CoB,0O,, B-NiB,O,), and 148.3 pm (p-CuB,0O,), corresponding to the value of
148.7 pm for 3-ZnB,O,. It should be mentioned that these values are slightly
higher than the average B-O distance of 147.6 pm in tetrahedral BO ,-groups of
oxoborates [232, 233|. This is caused by the linkage of the tetrahedra by threefold
coordinated oxygen atoms resulting in an aplanar OB,-group. The B-OF! dis-
tances exhibit average values of 156.2 (Mn), 155.0 (Co), 154.7 (Ni), and 154.1 pm
(Cu). These distances are distinctively larger than the average distances in other
borates, revealing threefold coordinated oxygen atoms OFl (e.g. B-RE(BO,); (RE
— Nd, Sm, Gd Lu) [262 264]|, y-RE(BO,); (RE — La Nd) [265, 266], and minerals
like tunnelite (StB4O4(OH),-3H,0), strontioginorite ((Sr,Ca),B;,04,(OH)4-6H,0)
[267|, aristarainite (Na,Mg|BzOg(OH),|5,-4H,0) |268], and the high-pressure modi-
fication of B,0, [82]).

The differences inside the structures of 3-MB,0, (M = Mn, Co, Ni, Cu, Zn)
are due to the varying ionic radii and electronic configurations of the M*" ions.
Table 4.16 gives a survey of the ionic radii (M?"), lattice parameters, and the
corresponding volumes of the unit cells of 3-MB,0O, (M = Mn, Co, Ni, Cu, Zn).

In agreement with the different effective ionic radii of the M** ions, 3-MnB,O,

Table 4.16: Comparison of the ionic radii M?T /pm, lattice parameters/pm and volumes/nm?
of 3-MB,0O, (M = Mn, Co, Ni, Cu, Zn).

Compound r(M>T) a b c A%
B-MnB,0, 89 1088.5(2) 663.3 (2) 518.7(2) 0.3745(2)
B-CoB,0, 81 1087.0(2) 646.8(2) 517.4(2) 0.3638(2)
B-NiB,O, 77 1087.5(2) 636.8(2) 518.0(2) 0.3588(2)
B-CuB,0, 79 1082.0(2) 646.3(2) 512.0(2) 0.3580(2)
B-ZnB,0, 82 1083.31(3)  648.87(2) 516.80(2) 0.363(1)

has got the largest cell volume and 3-NiB,O, and 3-CuB,O, the smallest ones.
A closer look at the extensions along the individual axes shows small variations
along a (1082.0(2)-1088.5(2)pm) and ¢ (512.0(2)-518.7(2)pm), but remarkable dif-
ferences along the b axis (636.8(2)-663.3(2)pm). As the differences in the B-O
distances of the BO ,-tetrahedra are insignificant, the reason can be found in the
coordination of the M*" ions. Figure 4.23 shows the square-pyramidal coordina-
tion sphere of the M*" ions in B-MB,O, (M = Mn, Co, Ni, Cu, Zn) and Table
4.17 gives detailed information about the distances inside the square-pyramidal

coordination polyhedra.

The distortion of the OB,-group and the increase of the B-OF! distances are rea-

sonable, because the metal atoms lie in the direct neighbourhood of the
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OBj-group with O Bl M2+ distances g
of 286.9 (Mn), 286.9 (Co), 299.2 (Ni),
305.7 (Cu), and 291.7 pm (Zn) (Fig-
ure 4.23). This leads to a deflection of
the oxygen atom O2 from the plane in
the direction of the metal atom. Simi-
lar distortions can be found in the oxo-
borates SrB,O, [174, 175] and PbB,0O,
[175, 176, where the average B-OF!

distances of 155.0 pm and 155.4 pm in

Figure 4.23: Coordination sphere of the M
cations in 3-MB,O; (M = Mn, Co, Ni, Cu, Zn),
the OB;-groups correspond to the aver- including a view of the distortion of the OB;-

age distance of 156.2 (Mn), 155.0 (Co), &UP-
154.7 (Ni), 154.1 (Cu), and 155.3 pm
(Zn) found in B-MB,O, (M = Mn, Co, Ni, Cu, Zn). The value e represents

Table 4.17: Comparison of the metal-oxygen distances e, f, g/pm and the deflection h/pm of
the M?" ion from the square plane in 3-MB,0; (M — Mn, Co, Ni, Cu, Zn) as shown in Figure
4.23 (standard deviations in parentheses).

M*t dn e (M-01) f (M-03) g (M-02) h

Mn & 212.5(2) 212.5(2) 286.9(2) 65.3
Co d’ 207.4(2) 203.79(9) 286.9(2) 47.5
Ni 4 206.0(4) 200.1(2) 299.2(4) 36.3
Cu @ 225.1(2) 196.6(2) 305.7(2) 27.4
7n d*° 202.1(2) 204.4(1) 291.7(2) 53.7

the apical M*T-O bond-length and the value f the basal M*"~O distance. The
distance g designates the M*"~OP! bond-lenghth, whereas h denotes the deflec-
tion of the metal ion from the basal plane (Table 4.17). The regular coordi-
nation of the cation in 3-MnB,O, with identical apical and basal distances of
212.5(2)pm inside the square pyramid is noteworthy. This symmetric coordina-
tion corresponds to a square-pyramidal arrangement of Mn " /Mn '™ in YBaMn,O,
[269], where the apical and basal distances were nearly identical (200.0(2) (4 x)
and 200.4(2) pm (1 x)). The coordination distorts in 3-ZnB,O, (apical: 202.1(2)
pm, basal: 204.4(1) pm; for comparison: Zn—0O bond-lengths in ZnO 5 square pyra-
mids in BiZn,POg vary between 197(2) and 205(2) pm [270]), B-NiB,O; (api-
cal: 206.0(4) pm, basal: 200.1(2) pm; for comparison: Ni—O bond-lengths in
NiO; square pyramids of Y Ba;Ni, Oy, [271]: 201.0(6) (2 x), 200.5(9) (1 x), and
206.4(6) pm (2 x)) and 3-CoB,0O, (apical: 207.4(2) pm, basal: 203.79(9) pm; for
comparison: Co-O bond-lengths in CoO; square pyramids of SrCoAs,O, [272]:
199.2(5), 201.2(5), 204.9(5), 210.3(5), 215.7(5) pm). The strongest distortion is
found in B-CuB,O, (apical: 225.1(2) pm, basal: 196.6(2) pm), resulting from
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a typical Jahn-Teller effect due to the electronic configuration of the d” ion. A
similar situation can be observed in the structure of La,Cu,O; [273], which also
comprises CuO; square pyramids. Owing to the electronic configuration of the
@ ion, the CuOj square pyramids show a Jahn-Teller distortion with four short
Cu-O bonds (194.08(1), 194.08(1), 190.8(3), 196.5(2) pm) and a long apical Cu-
O bond (227.9(3) pm). Generally, this is observed in a variety of valence mixed
copper oxides, which possess much longer apical Cu O bonds (230 250 pm) inside
the CuOjy pyramid than the four Cu-O distances in the basal plane (192-198 pm)
[274]. The coordination of the copper ions in -CuB,O, corresponds to those ex-
amples. A much better comparison of the square pyramids [M"O,] can be done
with similarly oriented groups in the quaternary transition metal(IT) diphosphates
StMP,0, (M = Cr [275], Mn [275], Fe [276], Co [277], Ni [278], Cu [279], Zn [275]).
As observed for the diphosphates SrMP,0., the anisotropy in the anti-bonding of
the various d-electronic configurations (Mn*" d®, Co®" d7, Ni*" 8, Cu®" &, Zn*"
d'?) is nicely revealed by a comparison of the bond-length d(M-Op,sa1) and d(M

Oupical), and more indirectly, by a comparison of the lattice parameters.

4.1.4.4 Investigations into Magnetism

Magnetic moments of (3-CuB,0O, and (3-MnB,O, were measured using a SQUID
magnetometer (Quantum-Design MPMS-XL5) between 1.8 and 300 K with mag-
netic flux densities as large as 5 Tesla. Samples of about 20 mg were loaded into
gelatin capsules and fixed in straw as sample holder. Corrections for the sample
holder and the core diamagnetism were applied to the data. Magnetic parameters
were determined using an extended Curie-Weiss-law x = C/(T - 0) + Xo.

The inverse magnetic susceptibility of 3-CuB,O, (Figure 4.24) shows Curie-
Weiss behaviour between room temperature and ~75 K. From the Curie-constant
we determine an effective magnetic moment of 1.75(2) wp per copper atom in agree-
ment with one unpaired electron as expected for a 3d° configuration of Cu?®". The
paramagnetic Curie-temperature (Weiss-constant) of -91(2) K indicates antiferro-
magnetic interactions among these moments. The x~!(T) plot deviates increas-
ingly above the Curie line below 75 K, which may be an onset of antiferromagnetic
ordering. The drop of x™'(T) below T ~ 20 K can probably be attributed to small
traces of ferromagnetic impurities.

The magnetic susceptibility of 3-MnB,O, obeys the Curie-Weiss law down to
20 K, as depicted in Figure 4.25. A rather large temperature independent para-
magnetic contribution (xo — 3 x 1073 ¢m® mol™!) corrects the small curvature
of the x71(T) plot. This may be due to traces of a ferromagnetic impurity. The
resulting effective magnetic moment of 6.01(2) up per manganese atom agrees well
with the expected 5.92 pg for the spherical 3d°-shell of Mn?". A Weiss-constant of
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Figure 4.24: Magnetic and inverse magnetic susceptibility of 3-CuB,O;.

26(1) K stands for weak antiferromagnetic interactions among the moments. We

did not detect magnetic ordering in 3-MnB,O. at temperatures down to 2 K.
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Figure 4.25: Magnetic and inverse magnetic susceptibility of 3-MnB,O,.

4.1.4.5 Electronic Spectroscopic Investigations

Polarized single crystal electronic spectra of arbitrary faces of 3-MnB,0, (cross
section: 0.3 x 0.3 mm?, d = 0.05 mm, T = 80 K) and B-CuB,O; (cross section:
0.08 x 0.2 mm?, d = 0.01 mm, T = 298 K) crystals were measured by a strongly
modified CARY 17 microcrystal spectralphotometer (Spectra Services, ANU Can-
berra, Australia). Attached to the spectrometer was a flow-tube, that allowed the
cooling of the crystals with cold (77 K) Ny .
already been described in literature [141, 142].

Details of the spectrometer have

Crystals of B-NiB,O, show dichroism (orange/pale yellow) for perpendicular
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polarization directions. This behaviour is reflected by the absorption spectra in
Figure 4.26 with rather strong absorption bands in one (“hpol” // a- or c-axis)

and nearly vanishing bands in the other direction (“vpol” // b-axis). Almost iden-

Wavelength/nm

31600
31400
41200
31000

J8oo

I— 600
I 400

g

B-NiB,O,

orange

Extinction/rel. units

1 hpol
| vpol

0

L L L L L AL
5.000 10.000 15.000 20.000 25.000 30.000 35.000

-
Wavenumber/cm

Figure 4.26: Polarized electronic spectra of 3-NiB,O.

tical polarized single-crystal spectra have been observed for the square-pyramidal
chromophore [Ni"'O;] in [(Ph,MeAsO),Ni(NO,)| *(NO,) ~ [280]. With one excep-
tion, the assignment of the observed bands, given in Table 4.18, is the same as
proposed in reference [280|. For the band around 20190 cm ~!, we prefer an assign-
ment to the spin-forbidden transition *B; — 'By(D), instead of relating it to the
transition ®B; — 3A,(P) as a result of a very large splitting of the excited *Ty,(P)
state. The rather high absorbance of the spin-forbidden transitions in 3-NiB,O,
follows from intensity stealing by spin-orbit coupling.

Pale blue crystals of 3-CuB,O, do not show a noticeable dichroism, though
the spectra observed for two perpendicular polarization directions are distinctly
different (Figure 4.27). The direction “hpol” refers to the dipole vector of the in-
cident light beam within the basal plane of the chromophore (// crystallographic
ac-plane), “vpol” describes the direction perpendicular to the basal plane (// crys-
tallographic b-axis). The main absorption band around 14700 cm ! is clearly split
into two components. A third, weaker band, presumably located around 6000
ecm™!, is cut off due to the spectral limit of the used spectrometer. The proposed
band assignment (Table 4.18) is in agreement with group theoretical considera-
tions for point group Cy,. In addition to the strong absorption bands assigned to
Cu?" ions in square-pyramidal coordination, three very weak bands of unknown

origin are found around 25000 cm™?.
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Figure 4.27: Polarized electronic spectra of 3-CuB,0,.

In the case of 3-CoB,O; a close examination and evaluation of the spectra is still
required. However the dichroism (red/greyish green) for perpendicular polarization

directions of this phase is clearly visible in Figure 4.28 .
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Figure 4.28: Polarized electronic spectra of 3-CoB,0;,.
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Table 4.18: Electronic transitions observed for $-NiB,O, and 3-CuB,O;.

B-NiB,O, B-CuB, 0,

Transition® Energy /cm ! Transition® Energy/cm !
3B, — 3E(F) not, obs.®

3B; — 3A5(F), 'A1(D) 8400 2B; — 2A4(E) < 6000
3B1 — 3Bsy(F) 9800 2B; — 2B3(T) 13140
3B, — 3E(F) 12970 2By — 2E(T) 14230
3B; — By(D) 14143 ? (23214)
3B, — 'E(D) 17270 ? (23747)
3B; — !'By(D) 20190 ? (26601)
3B — 3A,5(P) 22200

3B, — 3E(P) 23930

@ Band assignment for B-NiB,O, according to [280], assuming Cj, symmetry for the chromophore
[NifZOs). For a better understanding, the orbital degeneracies of the parental electronic states of the free ion are
given in parentheses.

b Not observed due to limitations of the used spectrometer.
¢ Band assignment for B-CuB,O,, assuming Cy, symmetry for the chromophore [Cu/lOs]. TFor a better

understanding, the orbital degeneracies of the parental electronic states of the Cu?T ion in a ligand-field of Oy,
symmetry are given in parentheses.
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4.1.4.6 Thermal Behaviour

Temperature-programmed X-ray powder diffraction experiments were performed
on a STOE Stadi P powder diffractometer (MoK 4; radiation (A = 71.073pm)) 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 (heating rate: 50 °C/min). After each heating step,
a diffraction pattern was recorded from 6° to 30° 20.

In the case of (3-NiB,O,, the starting powder in the capillary contained also
traces of HP-NiB,O,, metallic Ni, and B,0O,. Figure 4.29 shows that 3-NiB,O, is
stable up to a temperature of 750 °C. Between 750 and 850 °C, a decomposition
occurs into the normal-pressure phase NizB,04, elemental Ni, and presumably
molten B,O;. There are also additional reflections, which can be assigned to
a phase with the composition “Ni,B,0O;” (ICSD No. 22-1183). Except for this
entry in the database, there does not exist any characterization of this phase to
our knowledge. Therefore, heating of (3-NiB,O, into the temperature range 750—
850 °C, followed by a slow reduction of the temperature to room temperature,

could be a promising way for an isolation of the phase “Ni,B,0;".
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Figure 4.29: Temperature-programmed diffraction patterns of 3-NiB,O.

The patterns of 3-CuB,0O, (Figure 4.30) show that the pure high-pressure phase
remains stable up to a temperature of 600 °C. The increase of the temperature to
650 °C leads to a partial decomposition of the high-pressure phase into CuB,0,.
After heating up to 850 °C, the decomposition of the phases to Cu,O starts,
whereas above 900 °C only Cu,O and Cu can be detected in the diffraction pat-
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Figure 4.30: Temperature-programmed diffraction patterns of 3-CuB,0O;.

Figure 4.31 demonstrates the metastable character of 3-MnB,O-, which trans-
formes into the normal-pressure phase a-MnB,O, above 650 °C. In the temperature
range of 700-750 °C, both, the a- and the (-phase are stable. At a temperature

of 1150 °C, the capillary broke, so no other transformation or decomposition could
be recorded.
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Figure 4.31: Temperature-programmed diffraction patterns of 3-MnB,O,.

Figure 4.32 demonstrates the metastable character of 3-CoB,O,, which is stable
up to a temperature of 650 °C. Between 650 and 700 °C the transformation in un-

known crystalline phases appears. Above 1000 °C and during cooling no crystalline
phases could be recorded.
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Figure 4.32: Temperature-programmed diffraction patterns of 3-CoB,O.

4.1.4.7 Theoretical Calculations

Bond-valence sums were calculated for all atoms, using the bond-length/bond-
strength (X V') [164, 165] and the CHARDI concept (Charge Distribution in Solids)
(3XQ) [167]. A comparison of the charge distribution, calculated with both con-
cepts, confirms the formal ionic charges of 3-MB,O, (M = Mn, Co, Ni, Cu), as
shown in Table 4.19, exceptional the threefold coordinated oxygen atom O2, which
shows reduced values in the CHARDI-concept. Similar deviating values for the O
atoms are obtained in 3-CaB,O, (-1.92 (XV); -1.77 (XQ))|173], -HgB,0O, (-2.06
(XV); -1.83 (XQ))|172|, and B-ZnB,O, (-1.83 (X V); -1.67 (XQ)) [171|. Remark-
ably, in all these cases the deviation was only observed in the CHARDI-calculations
(XQ), whereas the bond-length /bond-strength values (X V') corresponded to the

expected values.
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Table 4.19: Charge distribution in 3-MB,0O, (M = Mn, Co, Ni, Cu) calculated with the bond-

length /bond-strength concept (X V) and the CHARDI concept (XQ).

B-MnB,0, Mn B1 B2 01 02 03
NV +2.02 +2.88 +3.06 -1.90 -1.79 2,10
2Q +1.85 +3.10 +2.97 -1.87 157 -2.25
B-CoB,0, Co Bl B2 01 02 03

NV +1.92 +2.88 +3.05 -1.88 -1.85 -2.05
2Q +1.88 +3.07 +2.99 -1.87 -1.68 2.19
B-NiB,O, Ni Bl B2 01 02 03

SV +1.90 +2.88 +3.03 -1.86 -1.86 -2.03
2Q +1.89 +3.06 +3.00 -1.87 172 2.17
B-CuB,0, Cu Bl B2 01 02 03

XV +2.05 +2.91 +3.04 -1.89 -1.89 -2.07
2Q +1.87 +3.06 +3.00 -1.88 174 -2.16

Additionally, we calculated MAPLE values (Madelung Part of Lattice Energy)

[161-163] for the isotypic compounds in order to compare the results with MAPLE

values of the binary components. Table 4.20 shows the results of the calculation.

Table 4.20: Calculated MAPLE values/kJ-mol~! of B-MB,O, (M = Mn, Co, Ni, Cu) in com-
parison to the values achieved from the binary oxides.

MO/Space group ~ MAPLE value calculated deviation/%
from binary MAPLE value
oxides
B-MnB,0, MnO/Fm3m [281] 48244 48220 0.05
B-CoB,0, CoO/Fm3m [282] 48436 48330 0.2
B-NiB,O, NiO/Fm3m [283] 48525 48325 0.4
B-CuB,O, CuO/Fm3m [284] 48450 48392 0.1
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4.1.5 The lron Borate x-FeB,0,

4.1.5.1 Synthesis

The new high-pressure phase «-FeB,0, [285] was prepared via a high-pressure /high-
temperature synthesis starting from the binary oxides Fe,O, and B,0O, according

to Equation 4.6. A mixture of Fe,O, (Sigma-Aldrich Chemie GmbH, Munich,

Germany, 99.9%) and B,0O; (Strem Chemicals, Newburyport, USA, >99.9%) at

a ratio of 1:1 was ground up and filled into a boron nitride crucible (Henze BNP

GmbH, HeBoSint® S10, Kempten, Germany) of an 18/11 assembly.

7.5 GPa
Fi 2B _—
€205 + 28,05 1100 °C

2 x—FeB,0, + 10, (4.6)
The sample was compressed to 7.5 GPa during 3 h, then heated to 1100 °C in 10
minutes and kept there for 5 minutes. Subsequently, the sample was cooled down to
750 °C in 15 minutes followed by quenching to room temperature by switching off
the heating. Decompression occurred during a pe-
riod of 9 h. The recovered experimental MgO-
octahedron was cracked and the sample carefully
isolated from the surrounding boron nitride cru-

cible. a-FeB,0, was obtained as a colourless, crys-

talline compound, dispersed with black needles,

which stem from the normal-pressure iron oxide

\ | n osde JEgE
orate vonsenite Fe,Fe(BO;)O,. Interestingly, o- B Y
FeB,0O, could not be synthesized from a stoichio- &,g"ﬁ 9
metric mixture of the starting materials (Fe,O; and ) )
Figure 4.33: Typical picture of a
B,0,), or with FeO as starting material, until yet. ixture of different iron borates.
Hitherto, all attempts in gaining a pure sample of
a-FeB,0, resulted in a mixture of several different phases (Figure 4.33). However,
recent studies of Stephanie Neumair revealed that o«-FeB,O, can be synthesized
nearly phase pure from FeO and B,0; at temperatures of 960 °C and 7.5 GPa.
Further experiments in order to define the stability area of o-FeB,0O, are cur-
rently in progress. Furthermore, Stephanie Neumair was able to synthesize a new
polymorph of «-FeB,0,, designated as 3-FeB,0,. B-FeB,0, was synthesized at
a pressure of 8 GPa and 1100 °C and is isotypic to HP-NiB,O, [|286], which is

described in detail in section 4.1.6.

4.1.5.2 Crystal Structure Analysis

The powder diffraction pattern (Figure 4.34) was obtained in transmission geo-

metry from a flat sample of the reaction product, using a STOE Stadi P powder
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diffractometer with monochromatized MoKy, (A = 71.073 pm) radiation. The
diffraction pattern was indexed with the program ITO [125| on the basis of a
monoclinic unit cell. The calculation of the lattice parameters (Table 4.21) was
founded on least-square fits of the powder data. The correct indexing of the
patterns of a-FeB,0, was confirmed by intensity calculations, taking the atomic
positions from the structure refinement. The lattice parameters, determined from
the powder data and single crystal data, are in good agreement. Figure 4.34 shows
the experimental powder pattern of a sample of «-FeB,0, highlighted with the
reflections of vonsenite (top). For comparability, the theoretical powder diffraction
pattern derived from the single crystal data of a-FeB,0, is displayed on the bottom

of Figure 4.34. Due to the fact that «-FeB,0O, possesses iron in the oxidation state

100.0 FeB204
i Vonsenite Fe,Fe(BO;)O,

60.0

40.0

R W TR

Relative Intensity (%o)

0.0

100.0

Simulation

80.0

60.0

Relative Intensity (%o)

Aw T | JLJ I JTWAWJMMJM

8.0 12.0 16.0 20, 0 2Theta

Figure 4.34: Recorded powder pattern of o-FeB,0O, (top) underlayed with reflections of von-
senite Fe,Fe(BO4)O, in comparison to the theoretical powder pattern derived from single crystal
data of «-FeB,0, (bottom).

11, the iron cations from the starting material Fe,O,; must be reduced from +III
to +II. From our experimental experience, we know about the reducing conditions
in our high-pressure assembly, especially at high temperatures. We often observe
metallic impurities (the corresponding metals of the oxides) at the border of the
crucible and in the sample, when the temperature for the synthesis of a borate was
too high. We suppose that the boron nitride of our crucible plays an important
role in these reactions. Details about the reaction mechanisms are still unknown.

For the crystal structure analysis, a small single crystal of «-FeB,0, was iso-
lated and examined through a Buerger camera, equipped with an image plate
system (Fujifilm BAS-2500) in order to establish symmetry and suitability for an

intensity data collection. The single crystal intensity data were measured at room
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temperature by a STOE IPDS-I diffractometer with graphite monochromatized
MoK, (A = 71.073 pm) radiation. A numerical absorption correction was applied
with the program HABITUS [132]. Table 4.21 shows all relevant details of the
data collection and evaluation. Structure solution and parameter refinement (full-
matrix least-squares against F'?) were successfully performed using the SHELX-97
software suite [135, 136] with anisotropic atomic displacement parameters for all
atoms. The final difference Fourier syntheses did not reveal any significant residual
peaks in all refinements. The positional parameters of the refinement, anisotropic
displacement parameters, interatomic distances, and interatomic angles are listed
in Tables 4.22-4.25.
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Table 4.21: Crystal data and structure refinement of x-FeB,O, (standard deviations in paren-

theses).

Empirical Formula

Molar mass/g-mol ~*
Crystal system

Space group

Powder diffractometer
Radiation

Powder data

a/pm

b/pm

c/pm

B/

V/nm?

Single crystal diffractometer
Radiation

Single crystal data

a/pm

b/pm

¢/pm

B/

V/nm?

Formula units per cell
Temperature /K
Calculated density/g-cm™
Crystal size/mm3
Detector distance
Exposure time per plate/min
Number of exposures
Absorption coefficient /mm ™~
F (000)/e

0 range/*

Range in hkl

Total no. reflections
Independent reflections
Reflections with I > 20(I)
Data/parameters
Absorption correction
Transm. ratio (min/max)
Goodness-of-fit (F?)

Final R indices (I > 20(I))

3

1

R indices (all data)

Extinction coefficient

Largest diff. peak, deepest hole/eA’3

FeB,0,

141.47

monoclinic

P2y /¢ (No. 14)

SToOE Stadi P

MoK 1 (A = 71.073 pm)

94.78(4)

0.4580(3)

STOE IPDS-I

MoK« (A = 71.073 pm)

0.096 x 0.052 x 0.026
50.0

15.0

151

6.352

544

2.7-30.5

+10, £10, -12/+10
4732

1376 (Rin: — 0.0293)
1060 (Rs = 0.0291)
1376/128

numerical (HABITUS [132])
0.6218/0.7529

0.909
R1 — 0.0226
wR2 = 0.0509
R1 = 0.0350
wR2 = 0.0532
0.021(2)
0.503/-0.621
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Table 4.22: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
a-FeB,0, (space group P2, /c; all Wyckoff sites 4e). Ueq is defined as one third of the trace of
the orthogonalized Uj; tensor (standard deviations in parentheses).

Atom x y zZ Ueq

Fel 0.02841(4) 0.22840(4) 0.10878(4) 0.0063(2)
Fe2 0.47421(4) 0.26064(4) 0.14062(4) 0.0076(2)
B1 0.7007(3) 0.1032(3) 0.8840(3) 0.0047(4)
B2 0.6798(3) 0.9036(3) 0.1207(3) 0.0040(4)
B3 0.1995(3) 0.4359(3) 0.8603(3) 0.0052(4)
B4 0.8193(3) 0.4290(3) 0.8581(3) 0.0044(4)
01 0.2320(2) 0.2479(2) 0.2960(2) 0.0051(3)
02 0.2355(2) 0.0583(2) 0.0267(2) 0.0052(3)
03 0.5148(2) 0.1620(2) 0.9236(2) 0.0053(3)
04 0.0038(2) 0.0174(2) 0.3061(2) 0.0069(3)
05 0.8327(2) 0.2506(2) 0.9282(2) 0.0049(3)
06 0.6832(2) 0.4344(2) 0.2157(2) 0.0051(3)
o7 0.6822(2) 0.0602(2) 0.2218(2) 0.0063(3)
08 0.2370(2) 0.4319(2) 0.0286(2) 0.0061(3)

Table 4.23: Anisotropic displacement parameters of oa-FeB,0, (standard deviations in paren-
theses).

Atom U Uss Uss Uas Uis Uiz

Fel 0.0054(2)  0.0073(2)  0.0058(2)  -0.0002(2) -0.0021(2)  0.0009(2)
Fe2 0.0054(2)  0.0104(2)  0.0069(2)  -0.0043(2) -0.0005(2)  0.00075(9)
B1 0.005(2)  0.0051(9)  0.004(2) 0.0007(8) -0.0003(8)  0.0004(7)
B2 0.003(2)  0.0052(9)  0.003(2)  -0.0002(8) -0.0007(8)  0.0001(7)
B3 0.007(2)  0.0039(9)  0.004(2) 0.0000(7)  -0.0001(8)  -0.0002(7)
B4 0.004(2)  0.0048(9)  0.004(2)  -0.0001(7) 0.0005(8)  0.0010(7)
01 0.0082(7)  0.0038(7)  0.0032(8)  -0.0001(5) -0.0007(6) -0.0007(4)
02 0.0063(7) 0.0045(6) 0.0051(8) 0.0009(5)  0.0017(6)  0.0014(5)
03 0.0032(7)  0.0056(6)  0.0072(8)  -0.0019(5) -0.0001(5) -0.0002(5)
04 0.0041(7)  0.0080(6)  0.0087(8)  -0.0026(5)  0.0008(5) -0.0002(5)
05 0.0044(7)  0.0048(6)  0.0053(7)  0.0014(5) -0.0009(5) -0.0004(4)
06 0.0044(7)  0.0064(6)  0.0044(8)  -0.0001(5) -0.0002(6) -0.0019(5)
o7 0.0061(7) 0.0067(6) 0.0057(8) -0.0016(5) -0.0010(6)  0.0015(5)

4.1.5.3 Crystal Structure Description

Figure 4.35 (left) gives a view of the crystal structure of a-FeB,0, along [100]. The
high-pressure phase is unexceptionally composed of corner-sharing BO ;-tetrahedra.
These tetrahedral groups are interconnected to “Sechser” rings (consisting of six
BO,-tetrahedra) [39], which are condensed to borate layers. The layers are linked
among each other in a staged way. This leads to channels composed of “Sechser”
rings along [100|, in which the iron cations are arranged. Considering the ori-
entation of the tetrahedra, building up one ring, only one type of ring with the
topology UUDUDD (U — up, D — down) is found (Figure 4.35). -SrGa,O, [287],
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the high-pressure phase CaAl,0,-11 [288, 289], and CaGa,O, [290| reveal the anal-
ogous orientation of tetrahedra and connection of layers. «-FeB,0, is isotypic to
these compounds. The orthorhombic compound BaFe,O, [291] shows the same

topology as well, but the layers are interconnected in a different way, resulting in

a different crystal structure.

Figure 4.35: Left: Crystal structure of «-FeB,0, along [100], consisting of corner-sharing BO ,-
tetrahedra and Fe?" ions. Right: Single layer of BO,-tetrahedra built up from “Sechser” rings
with the topology UUDUDD (red BO ,-tetrahedra face upwards, blue tetrahedra downwards).

Drawing a comparison to other network structures consisting of tetrahedra, a
close relationship to the high-pressure borate CdB,0, [292] can be discovered. The
network-structure is built up from corner-sharing BO 4-tetrahedra, which are linked
to condensed layers of “Sechser” rings as well. In CdB,0,, these rings show a staged
adjustment in which one fourth of the rings re-
veal an UDUDUD topology and the remaining
rings an UUUDDD topology (a close discussion
of the crystal structure of CdB,0O, can be found
in section 4.1.7). In contrast, o-FeB,0, ex-
hibits only one kind of “Sechser” rings with the
topology UUDUDD. All the mentioned com-

pounds can be understood as stuffed derivates

of the tridymite (SiO,) framework-structure. Figure 4.36: Crystal Structure of p-

Figure 4.36 shows a view of the crystal structure tridymite along [001]. Blue atoms rep-
resent O and pink atoms Si-atoms.
Green tetrahedra point down, blue

logy of SiO,-tetrahedra (blue tetrahedra point ones up.

of B-tridymite with an illustration of the topo-

upwards, green ones downwards).

The B-O bond-lengths in o-FeB,O, (Table 4.24) vary between 145 and 150 pm
with an average B O bond-length of 146.3 pm, which agrees with the known av-
erage value of 147.6 pm for borates [232, 233]. The O-B-O angles in the four

crystallographically independent BO,-tetrahedra range between 102.7 and 114.4
(Table 4.25) with a mean value of 109.4°. The Fe O distances for the sixfold coordi-
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nated iron cations (Fel) range from 201 to 233 pm with a mean value of 218.5 pm.

This value is slightly higher than the average Fe-O distance of sixfold coordinated

Figure 4.37: Coordination spheres of the Fe cations. Iron-oxygen distances are shown in pm.

iron atoms found in Fe "Fe;"(BO,)O, (203.8 pm) or in FeBO, (202.8 pm). For the
sevenfold coordinated iron atoms (Fe2), the Fe-O bond-lengths range from 204 to
250 pm with a mean value of 225 pm, which is larger than the Fe O distances for
Fel due to the higher coordination number. Figure 4.37 shows the coordination

spheres of both iron atoms.

Table 4.24: Interatomic distances/pm in «-FeB,0, (space group P2;/¢) calculated with the
single crystal lattice parameters (standard deviations in parentheses).

Fel-O5 201.3(2) Fe2-06 204.1(2) B1-03 146.6(3) B3-08 145.4(3)

Fel-O1 208.8(2) Fe2-03 205.3(2) B1-06 147.3(3) B3-06 146.9(3)

Fel-02 211.4(2) Fe2-07 218.1(2) BI1-05 147.7(3) B3-04 148.0(3)

Fel-0O8 227.3(2) Fe2-08 227.3(2) B1-02 148.0(3) B3-01 150.2(3)

Fel-O4a  229.1(2) Fe2-O1 227.8(2) O =147.4 O = 147.6
Fel-O4b  233.3(2) Fe2-02 242.3(2)

@ — 2185 Fe2-03 250.1(2) B2-O7 145.5(3) B4-05 145.9(3)

@ —225.00 B2-01 147.7(3) B4-07 147.0(3)

B2-02 148.0(3) B4-04 148.3(3)

B2-03 149.5(3) B4-08 150.1(3)

O =147.7 O = 1478

Table 4.25: Interatomic angles/* in «-FeB,0, calculated with the single crystal lattice param-
eters (standard deviations in parentheses).

03-B1-O5 106.9
03-B1-O6 106.3

(2) O1-B2-03 102.7(2) 06-B3-04 105.4

(
05-B1-02  107.8(

(

(

(

(2) (
02-B2-03 106.4(2) 04-B3-O1 105.6(
07-B2-01 110.7(2) 06-B3-O1 108.8(
(2) (
(2) (
(2) (

) 07-B4-08  106.6
)

)

) O07-B2-02 112.0(2) 08-B3-O1 109.2

)

)

5

) (
) O7-B4-04  107.2(
) 04-B4-08 107.7(
06-B1-02  110.9 ) 05-B4-04  109.9(
03-B1-02 111.6 ) (
) (
4

06-B1-O5 113.3

01-B2-02 112.3 08-B3-06 113.2
07-B2-03 112.3 08-B3-04 1144

05-B4-08 111.8
05-B4-07 1134
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4.1.5.4 Theoretical Calculations

We calculated bond-valence sums for «-FeB,0, with the help of the bond-length/
bond-strength (X V') [164, 165] and the CHARDI concept (X)) (Table 4.26) [167].
The formal ionic charges of the atoms, acquired by X-ray structure analysis, were

confirmed within the limits of the concepts.

Table 4.26: Charge distribution in «-FeB,0,, calculated with the bond-length/bond-strength
concept (X V) and the CHARDI concept (2Q).

Fel Fe2 B1 B2 B3 B4

¥Q +1.87 +1.90 +3.03 +3.01 +3.01 +3.00
XV +1.99 +1.99 +2.96 +2.98 +3.02 +3.05

01 02 03 04 05 06 or 08
¥Q -2.07 -2.00 -2.05 -1.90 -2.01 -1.96 -1.86 -1.97
XV -2.10 -2.01 -2.02 -1.88 -2.07 -2.01 -1.93 -1.98

We calculated the MAPLE values (Madelung Part of Lattice Energy) [161-163|
for a-FeB,0O, in order to compare them with MAPLE values of the binary compo-
nents FeO (Wuestit) and the high-pressure modification B,O,-I1. The foundation
is the additive potential of the MAPLE values, by which it is possible to calculate
hypothetical values for o-FeB,0O,, starting from the binary oxides. Resultant we
obtained a value of 26474 kJ-mol™! in comparison to 26427kJ-mol~! (deviation:
0.2 %), starting from the binary oxides (1 x FeO (4489 kJ-mol™!) + 1 x B,0,-II
(21938 kJ-mol~1)).
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4.1.6 The Borate HP-NiB,0,

4.1.6.1 Synthesis

HP-NiB,O, [286] was synthesized using a high-pressure/high-temperature reac-
tion according to Equation 4.7, starting from the binary oxides NiO (Avocado Re-
search Chemicals Ltd., Shore Road, Heysham, Morecambe, Lancashire, UK) and
B,0; (Strem Chemicals, Newburyport, USA, 99.9%). The stoichiometric mixtures
were ground together and filled into a boron nitride crucible (Henze BNP GmbH,
HeBoSint® S10, Kempten, Germany) of an 18/11 assembly.

NiO + B,0, % HP-NiB,0, (4.7)
For the synthesis of HP-NiB,0O,, the assembly was compressed to 7.5 GPa within
180 min. After reaching this pressure, the sample was heated up to 680 °C (con-
stant pressure) during the following 10 minutes. Having stayed at this temperature
for 5 min, the sample was cooled down to ca. 350 °C in another 15 min. After
that the sample was quenched to room temperature by switching off the heating,
followed by a decompression period of 540 minutes. Afterwards, the recovered
MgO-octahedron was broken apart and the

sample carefully separated from the surround-

¥

*“
o

ing boron nitride crucible. The compound
HP-NiB,0O, was gained as an air- and water-
resistant, light green crystalline solid. Figure
4.38 shows a sample of HP-NiB,O,, with yel-
low 3-NiB,O; (see section 4.1.4) in the outer
zone (hottest zone during the synthesis). This

leads to the conclusion that the two phases can
Figure 4.38: Sample of green HP-
NiB,0O, with yellow crystals of (-
atures, although it is very difficult to remain NiB,0, in the outer region of the cru-
cible.

be synthesized under different reaction temper-
phase pure samples.

4.1.6.2 Crystal Structure Analysis

The powder diffraction pattern of HP-NiB,0O, was obtained in transmission geome-
try from a flat sample using a STOE Stadi P powder diffractometer with monochro-
matized MoKy (A = 71.073 pm). The diffraction pattern was indexed with the
program ITO [125] on the basis of a monoclinic unit cell. The lattice parameters
(Table 4.27) were calculated from least-squares fits of the powder data. The cor-
rect indexing of the pattern of HP-NiB,0O, was confirmed by intensity calculations,

taking the atomic positions from the structure refinement [121]. The lattice pa-
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rameters, determined from the powder data and single crystal data, fit well. Figure
4.39 shows the experimental (top) and the simulated powder diagram (bottom).
Reflections not belonging to HP-NiB,O, and which could not be assigned to any

phase in the system Ni-B-O, are marked with asterisks.

1000f  * HP-NiB,0,

80.0
60.0 *

40.0

Relative Intensity (©a)

20.0

0.0

100.0 Simulation

0.0

60.0

40.0

20,0 U
0.01

8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0 2Theta

Relative Intensity (o)

Figure 4.39: Measured (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of HP-NiB,0,.

Small single crystals of HP-NiB,0O, were isolated by mechanical fragmentation
and examined through a Buerger camera, equipped with an image plate system
(Fujifilm BAS-2500). Single crystal intensity data of HP-NiB,O, were measured
with an Enraf-Nonius Kappa CCD with a graded multilayer monochromatized
MoK, (A = 71.073 pm) radiation. Afterwards, a multi-scan absorption correction
was applied to the data (SCALEPACK [133]). Structure solution and parameter re-
finement (full-matrix least squares against F?) were successfully performed using
the SHELX-97 software suite [135, 136|. Details of the data collection and struc-
ture refinement are listed in Table 4.27. The positional parameters, anisotropic

displacement parameters, interatomic distances, and interatomic angles are given
in Tables 4.28 4.31.
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Table 4.27: Crystal data and structure refinement of HP-NiB, O, (standard deviations in paren-
theses).

Empirical Formula NiB,0,
Molar mass/g-mol ! 144.33
Crystal system monoclinic
Space group C2/c
Powder diffractometer STOE Stadi P
Radiation MoK 1 (A = 71.073 pm)
Powder data
a/pm 922.2(2)
b /pm 551.16(6)
¢/pm 441.60(4)
B/° 108.3(1)
V /nm?3 0.21307(3)
Single crystal diffractometer Enraf-Nonius Kappa CCD
Radiation MoK (A = 71.073 pm)
Single crystal data
a/pm 924.7(2)
b/pm 552.3(2)
¢/pm 442.88(9)
B/ 108.30(3)
V/nm? 0.21474(7)
Formula units per cell Z—14
Temperature/K 293(2)
Calculated density /g-cm—3 4.464
Crystal size/mm3 0.05 x 0.04 x 0.02
Detector distance 35.0
Scan time per degree/min 25.0
Absorption coefficient /mm ! 8.780
F (000) /e 280
0 range/* 4.36 — 46.57
Range in hkl +18, -9/+11, £9
Total no. reflections 2648
Independent reflections 939 (R;n: = 0.0362)
Reflections with T > 20 (1) 851 (R = 0.0358)
Data/parameters 939/34
Absorption correction multi-scan (SCALEPACK [133])
Goodness-of-fit (F?) 1.070
Final R indices (I > 20(I)) R1 — 0.0260
wR2 = 0.0520
R indices (all data) R1 =0.0314
wR2 = 0.0542
Extinction coefficient 0.008(2)

Largest diff. peak, deepest hole/e-A—3 1.223/-1.287
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Table 4.28: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
HP-NiB, O, (space group C2/c). Ueq is defined as one third of the trace of the orthogonalized
U;; tensor (standard deviations in parentheses).

Atom Wyckoff X y z Ueq
Position

Ni de 1/2 0.84699(4) 1/4 0.00489(6)

B1 8f 0.3151(2) 0.6077(2) 0.6283(3) 0.0048(2)

o1 8f 0.64364(9) 0.8509(2) 0.9805(2) 0.0046(2)

02 8f 0.36336(9) 0.5911(2) 0.9713(2) 0.0048(2)

Table 4.29: Anisotropic displacement parameters of HP-NiB, O, (standard deviations in paren-
theses).

Atom Ui Uao Uss Uas Uis Ui

Ni 0.00482(8)  0.00479(8)  0.00519(9)  0.000 0.00177(6)  0.000

B1 0.0048(4)  0.0048(4)  0.0049(4)  0.0000(3) 0.0018(3)  -0.0004(3)
01 0.0038(2)  0.0046(3)  0.0053(3)  -0.0006(2) 0.0014(2)  -0.0001(2)
02 0.0058(3)  0.0047(3)  0.0037(3)  0.0001(2) 0.0011(2) -0.0010(2)

4.1.6.3 Crystal Structure Description

HP-NiB,0, is composed of distorted tetrahedral BO ,-groups, which are linked to
planar borate layers. These layers are based on B,04 dimer building blocks con-
sisting of two edge-sharing BO,-tetrahedra. The dimers are interconnected among
each other via common corners. Figure 4.40 gives a view of the crystal structure
along [001], displaying the planar layers, which are connected by strings of edge-
sharing NiOg-octahedra. The layers spread out in the be-plane, while the strings of

Figure 4.40: Crystal
structure of HP-NiB,Q,,
view along [001]. Green
spheres: Ni**,  blue
spheres: O? | blue poly-
hedra:  BO,-tetrahedra,
red polyhedra: NiOg-
octahedra.

NiOg-octahedra run along the c-direction. Figure 4.41 shows a single layer of BO ,-
tetrahedra, with one B,Og4-dimer highlighted in yellow. Inside the layer, “Sechser”

rings (a ring consisting of six tetrahedral units) [39] are formed by four B,Oq-
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dimers. Therewith, each dimer is part of four “Sechser” rings. Similar layers com-
posed of edge-sharing tetrahedra were observed in the compounds (-Cag|AlN,]
[293], Ca,|Al,As,]| [294], Sry[ALP,] [295], Bas[In,P,| [296], and «-Cas|Ga,N,]| [297].

Figure 4.41: Layer of edge-sharing BO,-
tetrahedra in HP-NiB,O,, view along
[100]. One B,O4-dimer is highlighted in
yellow.

In contrast, the layers in all these compounds are corrugated and the metal con-
tent between the layers is three times as high as in HP-NiB,0O,, leading to a
different crystal structure (see Figure 4.42). Figure 4.43 illustrates the linkage of
the distorted NiOgz-octahedra, in which the Ni”" ions are coordinated by six oxy-
gen atoms in the range of 203 218 pm. These distances correspond to the known
Ni-O distances of octahedrally coordinated Ni, as in Niz(BO;), (202-213 pm [204])
and  Na,Ni,B,,0,,  (197-
233 pm  [205]). At the
bottom of Figure 4.43, the
bond lengths and angles in-
side the B,O4-dimers in HP-
NiB,O, are shown. Obvious-
ly, the B-O distances in-
side the B,0,-ring are larger
(151.6(2) pm and 153.1(2) pm)
than the distances outside of

the rings (144.3(2) pm and

Figure 4.42: Crystal structure of B-Cag[Al,Ny| along 1,4 5(2) pm)
[001] showing the corrugated layers of AIN,-tetrahedra ' '
(green). B-O distance of 148.4 pm is

The average

slightly higher than the aver-
age B O bond length of 147.6 pm in tetrahedral BO ,-groups of borates [232, 233|.
The B---B distance inside the edge-sharing tetrahedra of HP-NiB,O, has a value
of 208.8(2) pm. This corresponds to the values found in the other two structure

types, which exhibit the structural motive of edge-sharing BO ,-tetrahedra, namely
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Figure 4.43: Top: String of NiOg-octahedra
linked wia common edges along [001]. Bot-
tom: Distances/pm and angels/’ inside of the
edge-sharing BO 4-tetrahedra of HP-NiB,O0,.

RE,B4O, (RE — Dy: 207.2(8) pm; Ho: 207(1) pm) [73-75] and o-RE,B,0, (RE
= Sm: 207.1(9) pm; Gd: 204(2) pm; Eu: 205.3(9) pm; Th: 205.5(9) pm; Ho:
204(3) pm) [76-78].

Table 4.30: Interatomic distances/pm in HP-NiB,O, (space group C2/c¢) calculated with the
single crystal lattice parameters (standard deviations in parentheses).

Ni-02  2x  203.4(2) B1-02a 144.3(2) 01-Bla 151.6(2)
Ni-Olb  2x  204.55(9) B1-02b 144.6(2) 01-B1b 153.0(2)
Ni-Ola 2x  217.70(9) B1-Ola 151.6(2) 0 = 152.3
@ = 208.6 B1-O1b 153.0(2)
O = 148.4

Table 4.31: Interatomic angles/° in HP-NiB,O, calculated with the single crystal lattice pa-
rameters (standard deviations in parentheses).

02a-B1-02b 114.69(9) B1a-O1-B1b 2x 86.43(8)
02a-B1-01b 113.30(9)
02b-B1-Ola 111.95(9)
02a-B1-Ola 111.40(9)
02b-B1-O1b 110.09(9)
01a-B1-O1b 93.57(8)
@ = 109.17

4.1.6.4 Investigations into Magnetism

Magnetic moments of HP-NiB,0O, were measured using a SQUID magnetometer
(Quantum-Design MPMS-XL5) between 1.8 and 300 K with magnetic flux densi-
ties as large as 5 Tesla. Samples of about 15 mg were loaded in gelatin capsules
and fixed in straw as sample holder. Corrections for the sample holder, the core
diamagnetism and for traces of ferromagnetic impurities (Ni-metal) were applied

to the data. Magnetic parameters were determined using the Curie-Weiss-law
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x = C/(T - 0). The inverse -

magnetic susceptibility of HP- | HP-NiB,O,

NiB,0O, showed Curie-Weiss be- 2001 10 kOe

haviour between room temperature 'E 150_'

and ~150 K (Figure 4.44). From g

the Curie-constant we determined —EIOO— R
an effective magnetic moment of - 0, =-833(1) K
3.50(1) uB per nickel atom. This | Ty~32K

is at the upper limit of values, 0L e

expected for Ni®" (2.80 3.50 uB) =00 30 g 0 20 20 30
[298|, which may be due to crystal Figure 4.44: Inverse magnetic susceptibility of HP-
field effects or to an incomplete cor- NiB,Oy.

rection for ferromagnetic impuri-

ties (traces of metallic Ni). The paramagnetic Curie-temperature (Weiss-constant)
of -83.3(1) K indicated antiferromagnetic interactions among the moments. A
sharp upward bend of x*(T) at T ~ 32 K is most likely the onset of antifer-
romagnetic ordering. This is also supported by a linear magnetization isotherm

down to 2 K.

4.1.6.5 Vibrational Spectroscopic Investigations

The Raman-spectrum of HP-NiB,O, was measured at a single crystal with a
Raman-microscope Horiba Jobin yvon HR800 (x50LWD), using a green laser
(Melles Griot ion laser) with a wavelength of 514 nm. In former works, we tried to
determine the Raman-active modes of the new B,O unit from the Raman spectra
of Dy,B;O,; [74] and &-Gd,B,O, [77]. These spectra revealed several peaks in the
range of 1200-1450 cm™!, that are normally correlated to BO,-groups. As both
compounds do not contain boron in threefold coordination, these bands were prob-

ably Raman-active modes of the B,O4 unit of the edge-sharing BO,-tetrahedra.

Figure 4.45 gives a view of the Raman spectra of Dy,B;O,; [74] (blue line),
a-Gdy,B,O4 [77] (red line), HP-NiB,O, (black line), and p-NiB,O, |261] (green
line). As HP-NiB,O, possesses only BO,-tetrahedra with a common edge to a
second tetrahedron, a comparison of the intensities of all three compounds should
lead to an agreement about those peaks, which exclusively belong to Raman-
active modes of the B,Og-group. Figure 4.45 shows that the peaks, which are
marked with an arrow, occur in all three spectra of the compounds with edge-
sharing tetrahedra. These peaks do not occur in a spectrum of -NiB,O, [261],
which exhibits only corner-sharing BO,-tetrahedra. So, the intensities at 1262
and 1444 cm~! (HP-NiB,0,), 1253 and 1431 cm ™! (a-Gd,B,O,), and 1271 and
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/ |
DyBO,
5 | «-GdBO,
S /
>
Q
= | |
HP—NiBEO4
}
Figure 4.45: Raman-
spectra  of Dy,B;04;
' ' ' ' J ' ' T - T (blue), o-Gd,B,0, (red),
2000 1800 1600 1400 1200 1000 HP—NiB204 (black), and
Wavenumber/cm’' B-NiB,O; (green).

1435 cm™! (Dy,BgO;5) can presumably be assigned to Raman-active modes of the

edge-sharing BO ,-tetrahedra.

A single crystal electronic spectrum of an arbitrary face of a crystal of HP-
NiB,O, (cross section: 0.1 x 0.2 mm?, d — 0.05 mm; T — 298 K) was measured
using a strongly modified CARY 17 microcrystal spectralphotometer (Spectra Ser-
vices, ANU Canberra, Australia. For details on the spectrometer see Reference
[142]). The UV /Vis/NIR spectrum of pale-green HP-NiB,O, shows three absorp-
tion bands, as expected for Ni*" ions in octahedral coordination (E[? Ag,—3T,(F)]
= 8620 cm ™!, E[*Ay,—*T1,(F)|] = 13940 cm™!, E|? Ay, —3T1,(P)] = 24600 cm ™).
As a consequence of low-symmetric components in the ligand-field ([NiOg] chro-
mophores with Co symmetry), the second and third absorption bands are split.
The observed transition energies A, = 8620 cm~! and B = 845 cm™! (B = B/B,
— 0.81) were estimated according to a procedure described by Lever [299]. Tt is
quite remarkable that the ligand-field splitting A, = 7300 cm~!, observed for yel-
low Ni,P,O,,, is significantly smaller, despite a very similar geometric structure
of the [Ni"O4] chromophore therein [300]. We attribute this difference to stronger
m-donating oxygen ligands in the phosphate than in the borate. The basically
negligible -bonding of the oxygen ligands in HP-NiB,0,, a typical second-sphere
ligand field effect [301], is a consequence of the higher coordination number of
the oxygen atoms in the borate (C.N.(O?7) — 4 (2 B*" + 2 Ni*")) in contrast
to the coordination in the phosphate (C.N.(O? ) = 2 (2x) and 3 (4x)). With
the transition energy A, — 8620 cm ™!, the nephelauxetic ratio B = 0.81, and the

spin-orbit coupling parameter for the free ion (&,(Ni*") — 630 cm™!), a magnetic
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moment of 3.16 uB per nickel atom can be calculated [302].

4.1.6.6 Thermal Behaviour

Due to the synthetic conditions of 7.5 GPa and 680 °C, we investigated the assumed
metastable character of the high-pressure phase HP-NiB,0O,. These investigations
were performed on a STOE Stadi P powder diffractometer (MoK 1; A = 71.073 pm)
with a computer controlled STOE furnace. The sample was enclosed in a silica glass
capillary and heated from room temperature to 500 °C in steps of 100 °C, and from
500 °C to 1100 °C in steps of 50 °C. Afterwards, the sample was cooled down to
500 °C in steps of 50 °C, and further on to room temperature in steps of 100
°C. At each temperature, a diffraction pattern was recorded. The temperature-
programmed X-ray powder diffraction patterns of HP-NiB,O, revealed that the
compound is remarkably stable up to 750 °C in ambient pressure conditions (Figure
4.46). At higher temperatures, HP-NiB,0O, decomposes into the normal pressure
nickel borate Ni;(BO,), and presumably boron oxide. Further heating (up to 1100
°C) and subsequent cooling to room temperature did not succeed in obtaining any

other crystalline phase than Ni,(BO,)

Ni,B,0,

Temperature / °C

15.0 17.0 119.0 21I.0
2Theta /° (A =71.073 pm)

Figure 4.46: Temperature-programmed X-ray powder patterns of HP-NiB,O,.

4.1.6.7 Theoretical Calculations

The bond-valence sums were calculated for all atoms, using the bond-length /bond-
strength (X V') [164, 165] and the CHARDI concept (Charge Distribution in Solids)
(3X@Q) |167]. A comparison of the charge distribution, calculated with both con-
cepts, confirms the formal ionic charges of Ni*" (S V — +1.90; £Q — +2.04), B*"
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(BV = 4297, ¥Q = +2.98), and O% (O1: £V =-1.91; ¥Q — -1.87, 02: ¥V
— 2.00; £Q = -2.13).

Further on, we computed MAPLE values (Madelung Part of Lattice Energy)
[161-163| for HP-NiB,O, in order to compare the results with MAPLE values of
the binary components NiO and the high-pressure modification B,O,-11 [82]. The
calculated value (26363 kJ-mol~!) for HP-NiB,O, and the MAPLE value obtained
from the sum of the binary oxides (1 x NiO (Fm3m [303]) (4649 kJ-mol~!) + 1
x By05-1T (21938 kJ-mol™!) = 26587 kJ-mol™!) fit well (deviation: 0.008 %).
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4.1.7 The Borate CdB,0,

4.1.7.1 Synthesis

The compound CdB,0, [292] was synthesized under high-pressure /high-tempera-
ture conditions of 7.5 GPa and 1100 °C. As starting reagents, CdO and B,O,
(Strem Chemicals, Newburyport, USA, 99+%) were ground together in the stoi-
chiometric ratio CdO : B,O4 = 1 : 1 (Equation 4.8). The mixture was filled into a
boron nitride crucible (Henze BNP GmbH, HeBoSint® S10, Kempten, Germany)
of an 18/11-assembly.

CdO + B,0, % CdB,0, (4.8)
For the synthesis of CdB,0,, the sample was compressed to 7.5 GPa within 3 h.
After reaching constant pressure, the sample was heated to 1100 °C in the following
10 minutes. After holding this temperature for 5 min, the sample was cooled
down to 650 °C in another 15 min. Afterwards, the sample was quenched to room
temperature by switching off the heating, followed by decompression over a period
of 9 h. The recovered pressure medium was cracked and the sample carefully
separated from the surrounding boron nitride crucible, gaining the air- and water-
resistant, colourless, crystalline compound CdB,0,. A powder diffraction pattern

showed no crystalline impurities, and EDX measurements confirmed the chemical

composition of CdB,0,.

4.1.7.2 Crystal Structure Analysis

The powder diffraction pattern of CdB,0, was obtained in transmission geometry
from a flat sample, using a STOE STADI P powder diffractometer with monochro-
matized CuKy; radiation (A = 154.051 pm). The diffraction pattern was indexed
with the program TREOR [122 124] on the basis of a hexagonal unit cell. Table
4.32 lists the lattice parameters, which were obtained from the least-square fits of
the powder data. The correct indexing of the pattern was confirmed by intensity
calculations [121], taking the atomic positions from the structure refinement (Table
4.33). The lattice parameters, determined from the powder and the single crystal
data agree well. Figure 4.47 shows the experimental powder pattern compared to

the pattern simulated from single crystal data.
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1000 CdB,0,
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Figure 4.47: Experimental (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of CdB,0,.

Prior to single crystal measurements, the quality of selected crystals was checked
under a polarizing microscope. For the data collection, a colourless fragment
(0.23 x 0.18 x 0.14 mm) was used. Intensity data were measured on a CAD4
diffractometer (Nonius) in the w/20 technique, scanning the whole reciprocal
sphere up to 90°/26. A numerical absorption correction, based on an optimiza-
tion of the crystal shape, was applied using the program HABITUS [132]. The
crystal structure of CdB,0, was solved by Direct methods in space group P63
(No. 173), according to the systematic extinction 000/ # 2n, and refined with the
SHELXTL program package [136, 304]. First, the structure refinement of CdB,0,
converged with residuals of R1 = 6.9% and wR2 = 19%. Additionally, a high elec-
tron density close to one oxygen atom remained. The consideration of twinning by

merohedry and the introduction of a twofold rotation axis according to the twin
01 0

matrix |1 0 0| led to a twin ratio of 0.55 : 0.45 with satisfactory residuals (R1
0 0 1

= 1.8%, wR2 = 3.9%) without any significant electron density. The checking of

a possible higher symmetry, using the program PLATON [139], did not reveal any
additional symmetries. Further details of the data collection and refinement are
summarized in Table 4.32, atomic coordinates, isotropic and anisotropic displace-
ment parameters, interatomic distances and angles can be found in Tables 4.33 to
4.36.
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Table 4.32: Crystal data and structure refinement of CdB,O, (standard deviations in paren-

theses).

Empirical Formula CdB,0,
Molar mass/g-mol ! 198.02
Crystal system hexagonal
Space group P63
Powder diffractometer STOE Stadi P
Radiation CuKy1 (A = 154.051 pm)
Powder data
a/pm 886.64(3)
¢/pm 717.38(3)
Volume/nm? 0.488(1)
Single crystal diffractometer CAD4 (Nonius)
Radiation MoK (A = 71.073 pm)
Single crystal data
a/pm 885.2(2)
¢/pm 716.72(8)
Volume /nm? 0.486(1)
Formula units per cell 7 =38
Temperature/K 293
Calculated density/g-cm—3 5.408
Crystal size/mm3 0.23 x 0.18 x 0.14
Absorption coefficient /mm ! 8.756
F (000)/e 720
0 range /° 2.66 — 44.88
Range in hkl +17, +17, +14
Total no. reflections 16090
Independent reflections 2691 (R;n: — 0.0365)
Reflections with I > 20(I) 2598 (Rs = 0.0167)
Data/parameters 2691/87
Absorption correction numerical (HABITUS [132])
Transm. ratio (max./min.) 0.4572/0.2449
Goodness-of-fit (F?) 1.154
Final R indices (I > 20(I)) R1 = 0.0163

wR2 = 0.0383
R indices (all data) R1 = 0.0178

wR2 = 0.0388
Extinction coefficient 0.0600(9)

Largest diff. peak, deepest hole/e-A—3 0.985/-2.349
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Table 4.33: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
CdB,0, (space group P63). Ueq is defined as one third of the trace of the orthogonalized Uj;
tensor (standard deviations in parentheses).

Atom Wyckoff X y z Ueq
Position

Cd1 6c 0.48061(3) 0.95729(2) 0.54204(2) 0.00703(2)
Cd2 2a 0 0 0.56427(2) 0.00740(3)
B1 2b 2/3 1/3 0.7548(5) 0.0047(4)
B2 2b 2/3 1/3 0.3653(4) 0.0042(4)
B3 6c 0.3273(2) 0.1522(4) 0.7318(3) 0.0045(4)
B4 6c 0.1514(4) 0.8227(4) 0.8454(3) 0.0042(4)
o1 2b 2/3 1/3 0.5612(3) 0.0098(3)
02 6c 0.3289(2) 0.0899(2) 0.5378(2) 0.0053(2)
03 6c 0.1846(2) 0.0034(2) 0.8284(2) 0.0056(2)
04 6c 0.4927(2) 0.2048(2) 0.8307(2) 0.0051(2)
05 6c 0.2934(2) 0.2986(2) 0.7198(2) 0.0055(2)
06 6c 0.3069(2) 0.8106(2) 0.7942(2) 0.0041(2)

Table 4.34: Anisotropic displacement parameters of CdB,0, (standard deviations in parenthe-
ses).

Atom Uy Ua2 Uss Uas Uiz Uiz

Cdl  0.00838(5) 0.00923(4) 0.00613(4) -0.00063(3)  0.00003(9) 0.00639(4)
Cd2  0.00797(4) 0.00797(4) 0.00626(6)  0.000 0.000 0.00399(2)
Bl  0.0038(6) 0.0038(6) 0.006(2)  0.000 0.000 0.0019(3)
B2 0.0033(6) 0.0033(6) 0.0061(9)  0.000 0.000 0.0017(3)
B3 0.0025(6) 0.006(2)  0.0053(7)  0.0006(6) -0.0007(4)  0.0021(6)
B4 0.0037(9) 0.0046(9) 0.0040(6)  0.0012(6)  0.0007(6)  0.0019(8)
O1  00128(4) 0.0128(4) 0.0037(7)  0.000 0.000 0.0064(2)
02 0.0077(4) 0.0057(4) 0.0042(4)  0.0002(4)  0.0001(4)  0.0045(3)
03 0.0041(4) 0.0042(4) 0.0086(4)  0.0015(5)  0.0027(4)  0.0022(4)
04  0.0026(4) 0.0059(4) 0.0056(4)  0.0008(4) -0.0007(4)  0.0011(4)
05  0.0057(5) 0.0056(5) 0.0061(4)  0.0007(4)  0.0022(4)  0.0035(4)
06  0.0041(5) 0.0034(6) 0.0051(5)  0.0017(3)  0.0014(3)  0.0021(4)

4.1.7.3 Crystal Structure Description

CdB,0O, consists of corner-sharing BO,-tetrahedra, linked to layers, which are
interconnected to a three-dimensional network. The layers spread out perpendic-
ularly to [001] and consist of “Sechser” rings (a ring with six tetrahedral centres)
[39] (Figure 4.48 left). These rings show two types of topologies with respect to
the orientation of the containing tetrahedra (U = up, D = down): one fourth
of the rings reveals an UDUDUD topology, and the remaining rings adopt an
UUUDDD topology. Figure 4.48 right gives a view of the two arrangements in-
side of a layer. The layers are interconnected via the atoms O1 and O2, building

further B;Og4-"Sechser”, as well as B,0,-"Vierer’-rings.
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Figure 4.48: Left: Crystal structure of CdB,0, with a view along [001]. Red spheres represent
Cd-atoms, blue spheres O-atoms; blue polyhedra show BO 4-groups. Right: One layer of CdB,0,
consists of two different types of “Sechser” rings [39] (topology: UUUDDD, UDUDUD). Blue
spheres represent O-atoms. Blue BO,-polyhedra face downwards (D), yellow polyhedra face
upwards (U) (view along [001]).

Figure 4.49 shows the connection of the borate layers, whereas adjacent layers
are marked in blue and orange for better demonstration. The layers are equivalent
and can be transformed into one another by a rotation of 60° along |001] and a

translation of [003].

Figure 4.49: Crystal structure of CdB,0,
with a view along [100]. Adjacent layers are
shown in different colours. Red spheres repre-
sent Cd-atoms, blue spheres O-atoms.

Cd1 is surrounded by six oxygen atoms in the range of 218-277 pm with an
average value of 223.4 pm (Figure 4.50 left). This value is smaller than the average
Cd-O distance of 231.9 pm in Cd,B,0; [228] or 232.9 pm in Cd;(BO;), [305|, which
both exhibit cadmium in a six-fold coordination as well. However, Cd2 possesses
12 (9+3) next-near neighbors with Cd O distances from 234 285 pm with a mean
distance of 257.4 pm (Figure 4.50 right). As far as we know, no cadmium borate

d?t

with a comparably high coordination-sphere at a C -ion was described up to

now. Within the BO -network, the B O lengths reach from 139 to 150 pm with a
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mean value of 147.3 pm, which corresponds to the known average value of 147.6 pm
for B-O distances in BO-tetrahedra [232, 233]. The O-B-O bond angles range
from 107.4(2) to 112.8(2)° with a mean value of 109.5°.

Figure 4.50: Coordination spheres of Cd1 and Cd2 in CdB,0,.

Table 4.35: Interatomic distances/pm in CdB,0, (space group P63) calculated with the single
crystal lattice parameters (standard deviations in parentheses).

Cd1-O4a
Cd1-02
Cd1-05
Cd1-O6a
Cd1-06b
Cd1-04b

B1-01
B1-04 3x

B3-03
B3-05
B3-04
B3-02

138.7(4)
148.6(2)
O = 146.1

Cd2-03a 3x
Cd2-03b 3x
Cd2-02 3x
Cd2-05 3x
B2-01
B2-06 3x
B4-03
B4-06
B4-02
B4-05
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Table 4.36: Interatomic angles/* in CdB, 0, calculated with the single crystal lattice parameters
(standard deviations in parentheses).

04-B1-04 107.4(2) 06-B2-06 109.0(2)
04-B1-04 107.4(2) 06-B2-06 109.0(2)
04-B1-04 107.4(2) 06-B2-06 109.0(2)
01-B1-04 111.5(2) 01-B2-06 109.9(2)
01-B1-04 111.5(2) 01-B2-06 109.9(2)
01-B1-04 111.5(2) 01-B2-06 109.9(2)
@ — 109.5 @ — 1095
03-B3-02 105.7(2) 02-B4-05 106.0(2)
05-B3-02 108.3(2) 03-B4-02 108.2(2)
03-B3-04 109.3(2) 06-B4-05 108.6(2)
03-B3-05 110.8(2) 03-B4-05 109.4(2)
05-B3-04 110.9(2) 03-B4-06 111.7(2)
04-B3-02 111.8(2) 06-B4-02 112.8(2)
@ = 109.5 0 = 1095

The structure of CdB,0, is closely related to the structure-type of the com-
pounds BaGa,O, [306], KAISiO, [307], KGeAlO, [308, 309], KCoPO, [310],
CaP,N, [311], and SrP,N, [312]. Both structure types consist of layers of tetra-
hedra, forming “Sechser” rings [39] with an identical orientation of the tetrahedra.
Except CdB,0,, all other compounds form a superstructure, which means that
CdB,0, is the first representative, showing a threefold smaller basic cell. Table
4.37 lists the lattice parameters of CdB,0O, in comparison to the related com-

pounds.  The superstructure can be obtained from the basic structure by the

Table 4.37: Lattice parameters of CdB,0, and related structures, all in space group P6s.

a/pm ¢/pm V/nm3

CdB,0, 885.2(2) 716.72(8) 0.486(1)
BaGa,0, 1864.03(7) 868.01(2) 2.6119(2)
KAISiO, 1811.11(8) 846.19(4) 2.4037(2)
KGeAlO, 1841.3(1) 859.0(1) 2.5222(2)
KCoPO, 1820.6(1) 851.35(8) 2.4438(2)
CaP,N, 1684.66(4) 785.5(2) 1.9307(1)
StP,N, 1710.29(8) 810.318(5) 2.05270(2)

following lattice transformation: agyper — 2abasic + Dbasic; Dsuper — -@basic T Dbasic;
Csuper — Cbasic- Lhis corresponds to an isomorphic transition of index 3. Figure
4.51 shows the crystal structure of StP,N, (view along [001]|) with the position of
the according subcell of CdB,0, drawn in thick black lines.
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Figure 4.51: Struc-
ture of SrP,N, [312]

with a view along

[001]. Polyhedra
represent PN,-
tetrahedra, white

spheres show Sr*"
ions. The according
basic unit cell of
CdB,0, is drawn in
thick black lines.

In SrP,N, [312], this superstructure is caused by avoiding one P-N-P-angle of
180° at nitrogen atom N15 (see Figure 4.52). The isotypic compounds BaGa,O,
[306], KAISiO, [307], KGeAlO, [308, 309], KCoPO, [310], and CaP,N, [311] do

not show the linear arrangement at the corresponding position as well. By con-
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Figure 4.52: Structure of SrP,N, [312] with a view along [120]. Polyhedra represent PN,-
tetrahedra, white spheres show Sr*" ions. Orange spheres represent nitrogen-atoms N15.

M
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trast, the associated B-O-B-angle in CdB,0O, adopts a value of 180° at oxygen O1
on thermal average (Figure 4.53). From our knowledge, this is the first example of a
linear

B-O-B arrangement in the structural chemistry of borates. There exists a molec-
ular compound, divinylborinic anhydride [(CH,=CH),B|,O, in which the vibra-
tional data indicate that the molecule possesses C'; symmetry and a linear B-O-B
angle [313]. In a theoretical work, Geisinger et al. investigated the potential en-
ergy curves for molecules, containing a B-O-B group [314]. These results showed
that a linear arrangement is energetically unfavourable. In other solids, compa-

rable linear arrangements with different atoms could be found in silicates as zunyite
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Al3Si50,4(OH,F),50,C1[315], thortveitite Sc,Si, O, [316], or (AgSiO,) - Ag,;Si,O5
|317] and in the nitridosilicate Ba,Nd;Si;; N,s [318]. Liebau examined the influence

of thermal vibrations on the

® 06 P 04 Si-O-Si bond-angles [39] with
@ 06 the following observation: the

l O1 stronger the displacement at

B2 "\Q the bridging atom, the smaller
\/ 04  the deviation from linearity

6‘ [39, 319]. Further analysis of

the thermal displacement pa-

@ o5 \Qo4

Figure 4.53: Linear environment of Ol in CdB,0,, showed that the oscillation am-
drawn with 90% thermal probability ellipsoids.

rameters at the bridging atom

plitude, perpendicular to the
Si—Si-vector, is considerably
larger. Figure 4.53 gives a view of the linear B-O-B arrangement in CdB,0,,
drawn with 90% thermal probability ellipsoids. It also shows that the thermal
displacement parameter at oxygen O1 has the largest value perpendicular to the
B—B-vector, which corresponds to Liebau’s observations. The existence of the

basic cell in CdB,0, is confirmed by electron diffraction.

4.1.7.4 Electron Diffraction Experiments

Figure 4.54 shows the electron diffraction patterns (along zone axis [001]) of
CdB,0, (left) in comparison to that of SrP,N, (right). The reciprocal unit cells of
both phases are shown in solid lines. The dashed line in the right pattern (SrP,N,)
designates the basic cell. In contrast to the pattern of CdB,0O,, where no addi-
tional reflections can be found, the pattern of SrP,N, clearly exhibits the supercell

reflections.
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Figure 4.54: Electron diffraction patterns (zone axis [001]) of CdB,0, (left) and SrP,N, (right)
[312]. The reciprocal unit cells are drawn in black solid lines. In dashed lines (right picture) the
basic unit cell is drawn.

4.1.7.5 Thermal Behaviour

Temperature-programmed X-ray powder diffraction experiments were performed
on a STOE STADI P powder diffractometer (MoK, radiation, A = 71.073 pm)
with a computer controlled STOE furnace in order to study the thermal stability
and the metastable character of CdB,0O,. 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. Afterwards, the sample was cooled down to
500 °C in 50 °C steps, and from 500 °C to room temperature in 100 °C steps.
After each heating step, a diffraction pattern was recorded over the angular range
8% < 20 < 16°.

The temperature-programmed X-ray powder diffraction patterns (Figure 4.55)
show that the compound remains stable up to a temperature of 600 °C. Between
600 and 650 °C, decomposition occurs into the normal-pressure borates Cd,B,0;
and CdB,0-, and above 850 °C only an amorphous phase can be detected, which

remains during and after cooling to room temperature.
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Figure 4.55: In situ X-ray powder patterns of CdB,0O,.

4.1.7.6 Theoretical Calculations

We calculated bond-valence sums for CdB,0, with the bond-length/bond-strength
(X V) |164, 165] and CHARDI (X@Q) [167] concepts (Table 4.38). The formal ionic
charges of the atoms, as calculated from the results of the X-ray structure analysis,

were in agreement within the limits of both concepts.

Table 4.38: Charge distribution in CdB,0, calculated with the bond-length/bond-strength
concept (X V) and the CHARDI concept (X6Q).

Cd1 Cd2 B1 B2 B3 B4
XV +1.94 +2.21 +3.16 +3.06 +3.00 +2.96
2Q +2.00 +1.96 +3.04 +3.15 +2.95 +2.99

01 02 03 04 05 06
XV -1.87 -2.07 -2.03 -2.06 -2.00 -1.93
2Q -1.96 -2.10 -2.02 -1.98 -2.04 -1.88

Additionally, we calculated the MAPLE values (Madelung Part of Lattice Energy)
[161-163] for CdB,0O, in order to compare the results with MAPLE values of the
binary components CdO and the high-pressure modification B,O,-II [82]. The cal-
culated value (26282 kJ-mol™!) for CdB,0O, and the MAPLE value obtained from
the sum of the binary oxides (26074 kJ-mol~!) tally well (deviation: 0.8 %).
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4.1.8 The Borates M;B,,0,,0H (M = Fe, Co)

4.1.8.1 Syntheses

The new high-pressure phases M;B;,0,,0H (M = Fe, Co) were prepared under
high-pressure/high-temperature conditions of 7.5 GPa and 1100 °C (Fe)/ 880 °C
(Co) according to Equation 4.9. The origin of hydrogen in the compound
M3B,,0,,0H (M = Fe, Co) can be found in the partially hydrolysis of the starting
material B,O;. To simplify the reaction the following equation was written with
H,O instead of the hydrolysis product B(OH).

3 M,0, + 11B,0, + H,0 % 2 M,B,,0,,0OH + 1.50, (4.9)
Starting materials were the binary oxides M,0; (M = Fe: Sigma-Aldrich Chemie
Gmbh, Munich, Germany, 99.9%, Co: Merck KGaA, Darmstadt, Germany, p.a.)
and B,0O, (Strem Chemicals, Newburyport, USA, 99.9%). The stoichiometric mix-
tures were ground up and filled into boron nitride crucibles (Henze BNP GmbH,
HeBoSint® S10, Kempten, Germany). The crucibles were placed inside of 18/11-
assemblies. The assemblies were compressed to 7.5 GPa during 3 h, then heated to
1100 (Fe) and 880 °C (Co) in 10 min and kept there for 5 (Fe) and 13 min (Co), re-
spectively. Afterwards, the samples were cooled down to 750 (Fe) and 830 °C (Co)
in 15 min and then quenched to room temperature by switching off the heating.
After a decompression period of 9 h, the recovered experimental MgO-octahedra
were cracked and the samples carefully separated from the surrounding crucible.
Fe,B;;0,,OH was obtained as colour-
less, CoyB;;0,40H as violet crystals (see
Figure 4.56). During the synthesis of
Fe;B,,0,,0H several other phases such as
the normal-pressure iron oxide borate von-
senite Fe,Fe(BO4)O, or a cubic iron borate
“Fe;B-O,N” (a = 1222.4 pm, see section
4.1.9) occured. Fe;B,;0,,0H could not be
synthesized as a pure sample until now. In

the case of Co;B;;0,4iOH higher tempera- Figure 4.56: Crystals of CozB;;0,,0H
(violet) with crystals of 3-CoB,O, (red).

tures led to a new phase with the composi-
tion B-CoB,0; (see Figure 4.56 and section
4.1.4) |261|. Using lower temperatures, the trigonal phase “Co,B30,5(OH),” was
synthesized (see section 4.1.10).
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4.1.8.2 Crystal Structure Analyses

The powder diffraction patterns of M;B;,0,,0H (M — Fe, Co) were obtained in
transmission geometry from flat samples using a STOE Stadi P powder diffrac-
tometer with monochromatized MoK 4; radiation (A = 71.073 pm). The diffrac-
tion patterns could not be indexed because the samples were mixtures of different
phases, that could not be separated. Figures 4.57 and 4.58 show the experi-
mental (top) and the simulated powder diagram (bottom) of Fe;B,,0,,0H and
Co4B,,0,4OH, respectively. Fe;B,,0,,0H is impurified by vonsenite Fe,(BO,)O,.
The corresponding reflections are marked in red in Figure 4.57, bottom. In the
case of Co;B,,0,iOH the trigonal phase “Co;B;0,5(OH),” can be found in the

diffraction pattern as a by-product.

100.0
Fe,B,,0,,0H
_ 800
S
<
g oo
s
£ 400
T
o
200
0.0
100.0 Simulation Fe,B,,0,,0H
. 800 Vonsenite Fe,(BO,)O,
s
=
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3
:; 40.0
3
4
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0.0 = | 1 AV, Y™ SV

h Ltk h
8.0 12.0 16.0 20.0 240 28.0 2Theta

Figure 4.57: Measured (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of Fe;B,,0,4OH. Reflections of vonsenite Fe;(BO;)0, are highlighted in red (bottom).

Small single crystals of the isotypic phases M;B;;0,,OH (M — Fe, Co) were
isolated by mechanical fragmentation and examined through a Buerger camera,
equipped with an image plate system (Fujifilm BAS-2500) in order to check suit-
ability for an intensity data collection. The single crystal intensity data were
collected at room temperature using an Enraf-Nonius Kappa CCD diffractome-
ter with MoK, (A = 71.073 pm, graded multilayer x-ray optics) radiation. A
multi-scan absorption correction (SCALEPACK [133]) was applied to the intensity
data. According to the systematic extinction A0l with h+[ # 2n, the orthorhom-
bic space groups Pmn2; (No. 31) and Pmnm (No. 59) were derived. The non-
centrosymmetric space group Pmn2; (No. 31) could be assigned during the refine-
ment. The ADDSYM routine of the program PLATON [139] and a violation of the
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Figure 4.58: Measured (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of Co;B,;0,yOH which is impurified with the trigonal phase “Co3BgO,5(OH),”.

systematic extinctions for 0kl with [ 2 2n and 0k0 with k # 2n by weak reflections,
would lead to the space group Pbnm (= Pnma, No. 62). However a close examina-
tion of the structure of M;B,,0,,0H (M = Fe, Co) disproved the centrosymmetry
due to the atoms 024, 025, and B11. Therewith non-centrosymmetric space group
Pmn2; (No. 31) was used to describe the structure. Figure 4.59 (see page 113)
clarifies the non-centrosymmetry of the crystal structure, which is described later.
Structure solution and parameter refinement were successfully performed using
the SHELX-97 software suite [135, 136]. The length of the oxygen-hydrogen bond
was restrained to 98.2 pm in accordance to the bond-length between oxygen and
hydrogen in borax (98.2(3) pm) [320]. In Table 4.39 the relevant details of the
data collection and evaluation are listed. The positional parameters of the refine-

ments, anisotropic displacement parameters, and interatomic distances are listed
in Tables 4.40 — 4.47.
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Table 4.39: Crystal data and structure refinement of M;B,,0,,0H (M = Fe, Co) (standard

deviations in parentheses).

Empirical Formula
Molar mass/g-mol~*
Crystal system
Space group

Single crystal diffractometer

Radiation

Single crystal data

a/pm

b/pm

¢/pm

Volume /nm?

Formula units per cell
Temperature/K
Calculated density/g-cm™

Crystal size/mm3

Absorption coefficient /mm ~

F (000)/e

0 range/*

Range in hkl

Total no. reflections
Independent reflections
Reflections with I > 20(I)
Data/parameters
Absorption correction
Goodness-of-fit (F?)
Final R indices (I > 20(I)

R indices (all data)

Largest diff. peak, deepest hole/eA‘P’

3

)

1

Fe;B,,0,,0H Co3B;,;0,,0H
606.46 615.70
orthorhombic
Pmn2,

Enraf-Nonius Kappa CCD
MoK, (A = 71.073 pm)

771.9(2)
823.4(2)
1768.0(4)
1123.7(4)

3.588
0.06 x 0.05 x 0.03
3.984

1177

3.4 - 35.0

+ 12, + 13, + 28
17098

5240 (Rine — 0.0514)
4458 (R = 0.0447)
5240/335

770.1(2)
817.6(2)
1746.9(4)
1099.9(4)

7 =4
203(2)

3.721

0.14 x 0.12 x 0.08
4.638

1186

3.4-378

+ 12, -13/+14, -30/+29
15885

6000 (Rin: — 0.0688)
5256 (Rs = 0.0732)
6000/335

multi-scan (SCALEPACK [133])

1.049

R1 = 0.0356
wR2 = 0.0885
R1 = 0.0479
wR2 = 0.0930
1.336/-0.804

1.013
R1 — 0.0401
wR2 — 0.0885
R1 = 0.0516
wR2 = 0.0954
1.170/-1.039
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Table 4.40: Atomic coordinates and equivalent isotropic displacement parameters Ueq / A2 of
Fe;B,,0,40H (space group Pmn2;). Ue, is defined as one third of the trace of the orthogonalized
U;; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position

Fel 2a 1/2 0.32788(9) 0.34022(4) 0.0106(2)
Fe2 2a 0 0.04483(9) 0.70213(4) 0.0124(2)
Fe3 2a 0 0.15228(9) 0.25675(4) 0.0098(2)
Fed 2a 0 0.76891(9) 0.13064(4) 0.0099(2)
Feb 2a 1/2 0.73311(8) 0.46030(4) 0.0089(2)
Fe6 2a 0 0.5561(2) 0.39836(4) 0.0142(2)
Bl 4b 0.1648(5) 0.2102(4) 0.4111(2) 0.0051(6)
B2 4b 0.3292(5) 0.972(4) 0.3458(2) 0.0063(6)
B3 4b 0.3317(6) 0.3981(4) 0.4987(2) 0.0058(7)
B4 4b 0.1629(5) 0.9150(4) 0.4614(2) 0.0056(6)
B5 4b 0.1681(5) 0.6473(4) 0.5385(2) 0.0045(7)
B6 4b 0.3348(6) 0.8526(4) 0.0576(2) 0.0064(7)
B7 4b 0.3324(5) 0.8966(4) 0.5950(2) 0.0048(6)
B8 4b 0.1672(6) 0.4990(4) 0.2515(3) 0.0097(7)
B9 4b 0.3306(5) 0.2871(4) 0.1843(2) 0.0062(7)
B10 4b 0.1624(5) 0.4132(4) 0.6345(2) 0.0055(6)
Bi11 4b 0.1683(6) 0.7682(6) 0.2694(3) 0.0254(9)
H 2a 1/2 0.649(7) 0.308(2) 0.023

o1 4b 0.3046(4) 0.3238(3) 0.4249(2) 0.0071(5)
02 4b 0.1888(4) 0.1242(3) 0.7766(2) 0.0116(5)
03 4b 0.1953(4) 0.1700(3) 0.1708(2) 0.0060(5)
04 2a 0 0.4204(4) 0.2474(2) 0.0086(6)
05 2a 0 0.7937(4) 0.6856(2) 0.0065(6)
06 2a 1/2 0.0635(4) 0.3394(2) 0.0098(7)
o7 2a 0 0.1047(4) 0.5918(2) 0.0057(6)
08 4b 0.3061(3) 0.3838(3) 0.2518(2) 0.0070(4)
09 2a 0 0.6014(4) 0.5086(2) 0.0067(6)
010 4b 0.3086(4) 0.8809(3) 0.4118(2) 0.0080(5)
o11 2a 1/2 0.8552(4) 0.5640(2) 0.0068(7)
012 4b 0.3015(3) 0.5722(3) 0.4946(2) 0.0065(4)
013 2a 0 0.2969(4) 0.4082(2) 0.0057(6)
014 4b 0.1933(3) 0.1116(3) 0.3431(2) 0.0055(4)
015 4b 0.1753(4) 0.6160(3) 0.3150(2) 0.0105(5)
016 4b 0.1941(4) 0.6269(3) 0.1861(2) 0.0095(5)
o17 2a 0 0.6410(4) 0.0306(2) 0.0056(6)
018 4b 0.1945(4) 0.9279(3) 0.0993(2) 0.0066(5)
019 4b 0.1668(4) 0.0931(3) 0.4782(2) 0.0054(4)
020 4b 0.1968(4) 0.8290(3) 0.5390(2) 0.0062(5)
021 4b 0.1776(4) 0.5905(3) 0.6182(2) 0.0068(5)
022 4b 0.1939(3) 0.3279(3) 0.5574(2) 0.0056(5)
023 2a 0 0.8655(4) 0.4305(2) 0.0065(7)
024 2a 0 0.8431(5) 0.2520(2) 0.0195(7)
025 2a 1/2 0.5912(5) 0.3551(2) 0.0194(8)
026 2a 0 0.3688(4) 0.6663(2) 0.0058(6)
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Table 4.41: Atomic coordinates and equivalent isotropic displacement parameters Ueq / A2 of
Co3B,,0,,0H (space group Pmn2;). Ueq is defined as one third of the trace of the orthogonal-
ized Uj; tensor (standard deviations in parentheses).

Atom  Wyckoff X y zZ Ueq
Position
Col 2a 1/2 0.32686(7) 0.34190(3) 0.0104(2)
Co2 2a 0 0.03967(7) 0.70361(3) 0.0113(2)
Co3 2a 0 0.14219(7) 0.25648(3) 0.0108(2)
Co4d 2a 0 0.77081(7) 0.12879(3) 0.0099(2)
Cobd 2a 1/2 0.73419(7) 0.45880(3) 0.00928(9)
Cob 2a 0 0.56100(8) 0.39936(3) 0.0151(2)
B1 4b 0.1650(3) 0.2115(4) 0.4096(2) 0.0082(5)
B2 4b 0.3272(4) 0.9728(4) 0.3424(2) 0.0097(5)
B3 4b 0.3319(3) 0.3997(4) 0.4990(2) 0.0082(5)
B4 4b 0.1629(3) 0.9154(4) 0.4608(2) 0.0088(4)
B5 4b 0.1683(4) 0.6500(4) 0.5391(2) 0.0080(5)
B6 4b 0.3357(4) 0.8513(4) 0.0576(2) 0.0086(5)
B7 4b 0.3323(3) 0.8989(4) 0.5954(2) 0.0088(5)
B8 4b 0.1650(3) 0.4940(4) 0.2536(2) 0.0109(5)
B9 4b 0.3307(4) 0.2852(4) 0.1858(2) 0.0086(5)
B10 4b 0.1617(3) 0.4137(4) 0.6348(2) 0.0086(5)
Bi11 4b 0.1695(4) 0.7602(4) 0.2637(2) 0.0167(6)
H 2a 1/2 0.624(7) 0.307(2) 0.016
01 4b 0.3063(2) 0.3238(3) 0.4242(2) 0.0093(3)
02 4b 0.1933(2) 0.1246(3) 0.7726(2) 0.0113(3)
03 4b 0.1949(2) 0.1668(3) 0.1723(2) 0.0096(4)
04 2a 0 0.4140(3) 0.2477(2) 0.0091(5)
05 2a 0 0.7950(4) 0.6855(2) 0.0092(5)
06 2a 1/2 0.0603(4) 0.3344(2) 0.0114(5)
o7 2a 0 0.1061(4) 0.5933(2) 0.0080(4)
08 4b 0.3068(2) 0.3817(3) 0.2548(2) 0.0084(3)
09 2a 0 0.6037(4) 0.5091(2) 0.0093(5)
010 4b 0.3086(2) 0.8808(3) 0.4114(2) 0.0096(3)
0O11 2a 1/2 0.8550(3) 0.5636(2) 0.0090(5)
012 4b 0.3019(2) 0.5743(3) 0.4937(2) 0.0096(3)
013 2a 0 0.3006(4) 0.4063(2) 0.0092(5)
014 4b 0.1909(2) 0.1108(3) 0.3418(2) 0.0085(3)
015 4b 0.1728(2) 0.6179(3) 0.3159(2) 0.0106(3)
016 4b 0.1936(2) 0.6302(3) 0.1886(2) 0.0102(4)
017 2a 0 0.6395(3) 0.0320(2) 0.0090(5)
018 4b 0.1934(2) 0.9256(2) 0.0988(2) 0.0084(3)
019 4b 0.1654(2) 0.0939(3) 0.4778(2) 0.0081(3)
020 4b 0.1955(2) 0.8302(2) 0.5393(2) 0.0080(3)
021 4b 0.1808(2) 0.5912(2) 0.6196(2) 0.0085(3)
022 4b 0.1945(2) 0.3300(2) 0.5574(2) 0.0080(3)
023 2a 0 0.8623(4) 0.4295(2) 0.0085(5)
024 2a 0 0.8368(4) 0.2493(2) 0.0124(5)
025 2a 1/2 0.5896(4) 0.3586(2) 0.0137(5)
026 2a 0 0.3713(4) 0.6673(2) 0.0093(5)
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Table 4.42: Anisotropic displacement parameters of Fe,;B,,;0,,OH (standard deviations in
parentheses).

Atom Ui U Uss Uas Uis Uiz

Fel 0.0087(4)  0.0141(3)  0.0088(3)  -0.0012(2) 0 0

Fe2 0.0140(4) 0.0146(3) 0.0086(3) -0.0037(3) 0 0

Fe3 0.0065(3)  0.0166(3)  0.0063(3)  -0.0003(2) 0 0

Fed 0.0076(4)  0.0102(3)  0.0120(3)  -0.0001(2) 0 0

Feb 0.0078(4)  0.0079(3)  0.0110(3)  0.0006(2) 0 0

Fe6 0.0144(4)  0.0202(4)  0.0080(3)  0.0036(3) 0 0

Bl 0.004(2) 0.006(2) 0.005(2) 0.0002)  0.000(2)  -0.001(2)
B2 0.006(2) 0.009(2) 0.004(2) 0.001(2)  0.001(2)  0.002(2)
B3 0.007(2) 0.004(2) 0.006(2) 0.001 (2)  0.001(2) -0.001 (2)
B4 0.006(2) 0.006(2) 0.005(2) 0.000(2)  -0.002(2)  0.001(2)
B5 0.001(2) 0.006(2) 0.006(2) -0.002(2)  0.000(2)  0.000(2)
B6 0.009(2) 0.004(2) 0.006(2) 0.003(2)  0.001(2)  -0.001(2)
B7 0.003(2) 0.006(2) 0.006(2) -0.001(2)  -0.000(2)  -0.000(2)
B8 0.007(2) 0.007(2) 0.015(2) -0.003(2)  -0.000(2)  0.000(2)
B9 0.006(2) 0.007(2) 0.005(2) 0.001(2)  -0.001(2)  0.002(2)
B10 0.005(2) 0.005(2) 0.006(2) 0.001(2)  -0.002(2)  0.001(2)
B11 0.016(2) 0.026(2) 0.034(2) 0.011(2)  -0.007(2)  -0.004(2)
o1 0.007(2) 0.008(2) 0.007(2) -0.0010(7) -0.0002(9) -0.0027(8)
02 0.018(2) 0.011(2) 0.006(2) 0.0023(8) -0.0044(9) -0.004(2)
03 0.004(2) 0.008(2) 0.006(2) -0.0008(7)  0.0016(9) -0.0017(8)
04 0.004(2) 0.010(2) 0.013(2) 0.000(2) 0 0

05 0.007(2) 0.003(2) 0.010(2) 0.001(2) 0 0

06 0.005(2) 0.011(2) 0.014(2) 0.008(2) 0 0

07 0.006(2) 0.007(2) 0.005(2) 0.002(2) 0 0

08 0.005(2) 0.008(2) 0.008(2) -0.0004(9) -0.002(2)  0.0010(8)
09 0.004(2) 0.008(2) 0.009(2) 0.003(2) 0 0

010 0.009(2) 0.007(2) 0.008(2) 0.0020(8)  0.0024(9)  0.0021(9)
011 0.005(2) 0.009(2) 0.006(2) 0.003(2) 0 0

012 0.006(2) 0.0058(9)  0.008(2) 0.0011(8)  0.0035(9)  0.0008(8)
013 0.002(2) 0.008(2) 0.007(2) 0.000(2) 0 0

014 0.007(2) 0.0054(9)  0.004(2) -0.0010(8)  0.0009(9)  0.0018(8)
015 0.011(2) 0.010(2) 0.011(2) -0.0020(8)  0.0018(9) -0.0000(9)
016 0.004(2) 0.013(2) 0.011(2) 0.0057(9)  0.0028(9)  0.0023(9)
017 0.003(2) 0.008(2) 0.006(2) 0.000(2) 0 0

018 0.008(2) 0.0025(9)  0.009(2) -0.0000(8)  0.0022(9)  0.0006(8)
019 0.008(2) 0.0047(8)  0.003(2) 0.0024(7)  0.0002(8)  0.0000(8)
020 0.010(2) 0.004(2) 0.005(2) 0.0023(7) -0.001(2)  -0.0015(8)
021 0.008(2) 0.0053(9)  0.007(2) 0.0001(8)  0.0018(9) -0.0009(7)
022 0.004(2) 0.006(2) 0.006(2) 0.0013(8)  0.0021(9)  0.0000(8)
023 0.005(2) 0.007(2) 0.008(2) 0.002(2) 0 0

024 0.018(2) 0.026(2) 0.014(2) 0.007(2) 0 0

025 0.015(2) 0.025(2) 0.018(2) 0.006(2) 0 0

026 0.004(2) 0.008(2) 0.0058(2)  0.001(2) 0 0
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Table 4.43: Anisotropic displacement parameters of CoyB;,;0,iOH (standard deviations in

parentheses).
Atom Un Uss Uss Us Uis
Col 0.0065(2) 0.0096(2)  -0.0012(2) 0 0
Co2 0.0100(2) 0.0099(2) -0.0009(2) 0 0
Co3 0.0062(2) 0.0086(2)  -0.0005(2) 0 0
Cod 0.0055(2) 0.0114(2)  -0.0010(2) 0 0
Co5 0.0056(2) 0.0097(2)  -0.0002(2) 0 0
Cob 0.0133(2) 0.0088(2)  0.0013(2) 0 0
B1 0.003(2) 0.011(2) 0.001(2)  -0.0013(9)  0.0000(8)
B2 0.007(2) 0.008(2) 0.003(2)  0.0014(9) -0.0004(8)
B3 0.006(2) 0.008(2) 0.0024(9)  -0.0008(8)  -0.0008(9)
B4 0.007(2) 0.008(2) 0.001(2)  0.0005(8)  0.0004(8)
B5 0.006(2) 0.009(2) -0.0007(9)  -0.0012(8) -0.0007(8)
B6 0.005(2) 0.009(2) -0.0001(9)  0.0010(9)  0.0007(8)
B7 0.005(2) 0.008(2) 0.002(2)  -0.0017(8) -0.0008(9)
B8 0.005(2) 0.013(2) 0.003(2)  -0.0019(9)  0.0014(9)
B9 0.009(2) 0.007(2) 0.0017(9)  0.0001(9) -0.0009(9)
B10 0.006(2) 0.010(2) -0.0007(9)  0.0000(8)  -0.0002(8)
B11 0.011(2) 0.020(2) 0.003(2)  -0.001(2)  -0.002(2)
01 0.0055(7) 0.0090(8) -0.0017(7)  0.0009(6) -0.0030(6)
02 0.0094(7) 0.0098(8)  0.0014(7) -0.0015(6) -0.0005(7)
03 0.0058(7) 0.0085(8)  -0.0004(7)  0.0004(6) -0.0012(6)
04 0.0055(9) 0.012(2) 0.001(2) 0 0
05 0.0028(9) 0.014(2) 0.001(2) 0 0
06 0.0041(9) 0.015(2) 0.003(2) 0 0
07 0.0031(9) 0.009(2) 0.0000(9) 0 0
08 0.0052(7) 0.0084(8)  -0.0012(7)  0.0001(6)  0.0014(6)
09 0.0052(9) 0.010(2) -0.0024(9) 0 0
010 0.0054(7) 0.0099(8)  0.0008(7)  0.0020(6)  0.0008(6)
011 0.004(2) 0.009(2) -0.0014(9) 0 0
012 0.0087(7) 0.0095(8)  0.0007(7)  0.0034(6)  0.0004(6)
013 0.006(2) 0.009(2) 0.001(2) 0 0
014 0.0057(7) 0.0080(8)  0.0006(7)  0.0005(6)  0.0017(6)
015 0.0090(7) 0.0100(8)  -0.0020(7)  0.0010(6)  0.0005(6)
016 0.0060(8) 0.0090(8)  0.0019(7)  0.0009(6)  0.0007(6)
017 0.005(2) 0.010(2) -0.0004(9) O 0
018 0.0052(7) 0.0109(8)  0.0003(7)  0.0023(6) -0.0003(6)
019 0.0075(7) 0.0071(7)  0.0009(6)  0.0004(5)  0.0005(6)
020 0.0067(8) 0.0072(8)  0.0001(6) -0.0012(6) -0.0009(6)
021 0.0081(7) 0.0064(8)  0.0008(7)  0.0003(6)  0.0000(5)
022 0.0043(7) 0.0094(8) 0.0003(6)  0.0004(6)  0.0001(6)
023 0.0020(9) 0.010(2) -0.0011(9) 0 0
024 0.0078(9) 0.012(2) 0.001(2) 0 0
025 0.011(2) 0.015(2) 0.001(2) 0 0
026 0.007(2) 0.009(2) 0.0009(9) 0 0

4.1.8.3 Crystal Structure Description

Figure 4.59 gives a view of the non-centrosymmetric crystal structure of

= Fe, Co) along [100].

The high-pressure phase is built up

from corrugated multiple layers, consisting of corner-sharing BO ,-tetrahedra. Fig-

ure 4.60 shows one layer along the [001]-direction. The layers are interconnected



4.1 Transition Metal Borates 113

Figure 4.59: Crystal
structure of M;B;,0,,0H
(M = Fe, Co) along [100],
exhibiting corrugated
multiple layers of corner-
sharing BO,-tetrahedra.
The layers are linked
via BOj-groups. o2
blue spheres, ol green
spheres, B: red spheres,
M: dark red spheres.

Figure 4.60: One
layer in the structure of
M,;B,,0,(0H (M = Fe,
Co) along [001]. Blue
spheres represent O[]
green spheres OBl and
red spheres B3™.

shaped channels in which the cations are arranged (Figure 4.59). The orientation
of these connecting BO4-groups clarifies the non-centrosymmetry of this struc-
ture, because all boron atoms B11 are deflected in the [001]-direction. The non-
planar BO,-groups (B11) can be considered as a transition state between a planar
BOj-group and a tetrahedral BO,-group, because there exists one additional oxy-
gen atom (O16) at a distance to B11 < 190 pm (ECoN values: Co: 0.259, Fe:
0.026). Figure 4.61 shows one of these transition state borate groups, together
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with the adjacent BO,-tetrahedron. The
thermal ellipsoids (drawn with 50% probabil-
ity) of B1l and O16 show that both atoms
swing parallel to their connecting line b,

which strengthens the assumption of a tran-

sition state between a planar BO,-group and
a BO,-tetrahedron. Table 4.44 lists the dis-
tances B11-O16 in comparison to the distance
B8-016 inside of the adjacent BO,-group as
well as the deflection c of B11 from the trigonal
plane spanned by O2, O15, and O24. Such non-

planar BO,-groups can also be found in several

Figure 4.61: Coordination spheres of
other borates, e.g. M3(BO;), (M — Mn, Mg, boron atoms B11, B8 and oxygen atom

. _ . _ 016 along [100] drawn with 50% ther-
Co, Nl) [321] or CaB, 0,11 [322]' It is note mal ellipsoids. Distances a and b see
worthy that the distance between O16 and B8 Table 4.44.

in the adjacent BO,-tetrahedron is larger than
the average B-O bond-length of 147.6 pm [232, 233] as well, thus building an

extremly distorted tetrahedron.

Table 4.44: Interatomic distances/pm of 016 to B8 (a) and B11 (b) and the deflection/pm
of B11 from the plane of oxygen-atoms 02, 015, 024 (¢) in M;B;,0,,0H (M — Fe, Co) (see
Figure 4.61).

a b c
Fe,B,,0,,0H 157.7(6) 188.7(6) 54.2(6)
Co;B,,0,,0H 160.5(5) 169.8(5) 47.6(5)

Comparably large B O-distances to the additional fourth oxygen-atom, as ob-
served at the B11-O16-bond in M;B,,0,,OH (M = Fe, Co), can only be found
in boracites at the fourfold coordinated oxygen atom (Figure 4.62, page 115). Ta-
ble 4.45 lists these B—OMl-distances as well as the deflection of the boron atom
from the trigonal plane in some cubic boracites. In M;B,,0,,OH (M = Fe, Co)
the according oxygen-atom 016, participating at the long B-O-distances, is also
surrounded by four atoms (B8, B10, B11, M4; Figure 4.61).
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Figure 4.62: Crystal structure of cubic boracite Mg;B;0,5Cl (left) and an enlarged starlike
shaped building block (right). White spheres represent Mg 2 green spheres Cl |, red spheres

B3", blue spheres O [2], and yellow spheres O 41

Table 4.45: B—O[4]—distances/pm and deflection from the plane d/pm in some cubic boracites
(F43c) |323] (see Figure 4.62).

B-o M d
Mg,[B,0,5]Cl 169.3 41.1
Cry[B,0,,]Cl 168.1 40.6
Ni,[B,0,4]Cl 167.5 38.9

Comparing these B O [ distances of boracites to the here described phases, one
can notice that the distance between B11 and O16 in Co4B;,0,,0H (169.8 pm)
is comparable to the B-OM bond length in Mg,B,0,5Cl (169.3 pm). In the Fe-
phase however, the B11 O16 distance is about 20 pm longer (188.7 pm). Factoring
the ECoN values of this “bond” into the discussion, it is conspicuous that the
value of Co3B;;0,4,OH is nearly 10 times the size of the value of Fe;B,,0,,0H
(Co: 0.259, Fe: 0.026). This may indicate that the transition state borate group
in Co3B,,0,,0H tends more to a BO,-group than in Fe;B,,0,,OH.

In this sense the flat pyramidal BO;-group can be described as distorted tetra-
hedron, whereby an edge-sharing B,Og-unit is created. These units are linked to
adjacent B,O4-units by common edges, forming “Vierer” rings (consisting of four
tetrahedral centres) [39] (Figure 4.63). Such a structural element was not observed
in borate chemistry before.

The hydrogen atom is presumably located at oxygen atom 25, because this

atom shows a reduced value in the bond-length/bond-strength calculation. The
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Figure 4.63: BO,-group (B11) shown as edge-sharing
BO,-group resulting in a “Vierer” ring consisting of two
pairs of edge-sharing tetrahedra.

O H bond in M;B;;0,,0H (M — Fe, Co) is located at oxygen-atom O25 with
a distance of 98(2) (Co) and 95(2) pm (Fe) (Figure 4.64). 025 shows no bonds
to boron-atoms but is coordinated by M1 and M5 (M = Fe, Co). Furthermore
hydrogen bridges can be assumed between the H-atom and adjacent O-atoms. In
the case of Co;B,,0,,0H, the next O? ion is 026 with a distance of 243.6 pm
(green dashed line in Figure 4.64 right). The distances to the oxygen ions O2
show a value of 254.1 pm (red dashed lines in Figure 4.64 right). The hydrogen
bridges in Fe;B,,0,,0H reveal values of 243.6 pm for H---O2 and 251.8 pm for
the distance H---O26. Comparable distances of hydrogen bridges can be found
in Co(OH), (244.58 pm) [324]. Figure 4.64 clarifies the location of the hydrogen

atom.

Figure 4.64: Position of the hydrogen-atom in M;B,,0,,0H (M — Fe, Co). O 2I; blue spheres,
ol green spheres, B: red spheres, and H: orange sphere. Left: View along [100]. Right: View
along [001]. Red dashed lines represent hydrogen bridges.

The B-O bond-lengths for B1 to B10 in M;B,,;0,,0H (M = Fe, Co) vary be-
tween 142.1 and 159.5 pm in Fe;B,;;0,,OH and 141.2 160.5 pm in
Co;3B,,0,4,0OH with average B-O bond-lengths of 148.0 pm for Fe,B,,0,,OH and
147.8 pm for Co;B,;0,,0H. This is consistent with the known average value of
147.6 pm for borates [232, 233]. The B O-distances in the flat pyramidal arrange-
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ment for B11 amount 142.0(5), 147.1(5), and 149.1(5) pm with a mean value of
146.1 pm for Fe;B,,0,,0H. In the case of Co3B;;0,,0H distances of 142.4(4),
147.0(3), and 147.8(4) pm are found with a mean value of 145.7 pm. The longer
distance to O16 shows values of 188.7(6) pm in Fe;B,,0,,0H and 169.8(4) pm in
Co3B,,0,iOH. The mean B-O-distances for the pyramidal BOs-groups are much
longer than the average B-O-bond-length in BO ;-groups of 137.0 pm [323] pm. The
O B O angles in the 10 crystallographically independent BO ,-tetrahedra for Bl
to B10 range between 96.6 and 114.0° with a mean value of 109.4° in Fe;B,,0,,0H
and between 92.3 and 114.0° with a mean value of 109.4° in Co3B,,;0,,0OH. The
angles in the transition state borate groups of B11 go from 116.3 to 119.8° and from
113.3 to 117.2° for the model of the flat pyramid, and from 84.3 to 119.8° and 89.0
to 117.2° for the model of the distorted tetrahedral arrangement in Fe;B,,0,,0H
and Co;B;;0,40H, respectively. 2/3 of the metal ions are coordinated octahedrally
by six oxygen-atoms (M1, M3, M4, M5; M = Fe, Co) (Figure 4.65 right) and 1/3
are surrounded by four oxygen-atoms in a distorted tetrahedral way (M2, M6;
M — Fe, Co) (Figure 4.65 left) with an additional fifth long contact to O6 (M2;
ECoN values 0.161, Fe: 0.059) and 023 (M6; ECoN values Co: 0.071, Fe: 0.043)
(Figure 4.66). This can also be noticed in CoB,O |200]. The Fe-O distances for

Figure 4.65: Left: Tetrahedral coordination spheres of M2 and M6 in M;B,;0,,0H (M = Fe,
Co). Right: Octahedral coordination spheres of M1, M3, M4, and M5 in M,B,;;0,,0H (M =
Fe, Co).

the sixfold coordinated metal cations range from 205.8(4) to 254.7(4) pm with a
mean value of 216.0 pm. This value is slightly higher than the average Fe—O dis-
tance of sixfold coordinated iron atoms in Fe "Fe,"'(BO,)O, (203.8 pm) [193, 194]
or in FeBO; (202.8 pm) [170]. For the fourfold coordinated Fe atoms, the Fe-O
bond-lengths range from 198.5(4) to 214.1(4) pm with a mean value of 206.1 pm.
This is longer than the mean Fe-O-bond distance of 199.3 pm in Fe;' Moz ¥ Og ex-
hibiting Fe''O,-tetrahedra as well [325]. In the Co-compound the bond-lengths of
the sixfold coordinated cations vary from 200.3(3) to 250.0(3) pm with an average
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PO15

Figure 4.66: Coordination spheres of the M?" ions M2 and M6 in M,;B,,0,,0H (M — Fe, Co)
with an additional fifth oxygen atoms. Distances q, r, s, t, j, k, 1, m: see Tables 4.46 and 4.47.

value of 212.8 pm. This value is in agreement with the average Co?"~O distance
of sixfold coordinated cobalt atoms of 212.2 pm found in Co,B,0; [200]. In the
tetrahedral coordination polyhedra, the Co—O distances range from 194.8(3) to
213.3(3) pm with a mean value of 203.0 pm. This agrees to the average Co O dis-
tances of 202.7 pm in CoB,0O, [200] and is slightly higher than the average value of
198.4 pm in Co,(BO,)O |200|, which both reveal Co*" in fourfold coordination.

Table 4.46: Interatomic distances/pm in Fe;B,;,0,00OH (space group Pmn2;) calculated with
the single crystal lattice parameters (standard deviations in parentheses). Distances q, r, s, t,
J, k, L, m: see Figure 4.66.

Fel-O1 2x  212.5(3) Fe2-07 (1) 201.2(4) Fe3-03 2% 214.5(3)
Fel-06 217.7(3) Fe2-02 (s) 2x  207.0(3) Fe3-014  2x  216.0(3)
Fel-025 218.4(4) Fe2-05 (q) 208.9(3) Fe3-04 221.4(4)
Fel-08 2x  221.3(3) @ =206.0  Fe3-024 254.7(4)
@ = 217.3  Fe2-06 (t) 258.6(4) O =222.9
Fed-017 205.8(4) Fe5-011 209.2(4) Fe6-09 (1) 198.5(4)
Fed-018 2x  206.8(3) Fe5-010  2x  209.7(3) Fe6-015 (j) 2x  206.1(3)
Fed-016 2x  213.9(3) Fe5-012  2x  211.4(3) Fe6-013 (k) 214.1(4)
Fed-024 223.0(4) Fe5-025 219.7(4) @ = 206.2
O — 2117 @ 211.9  Fe6-023 (m) 261.1(4)
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Table 4.47: Interatomic distances/pm in CoyB;,0,,OH (space group Pmn2,) calculated with
the single crystal lattice parameters (standard deviations in parentheses). Distances q, r, s, t,
J, k, L, m: see Figure 4.66.

Col-O1 2x  207.2(2) C02-07 (r) 200.1(3) Co3-014  2x  210.8(2)
Co01-025 216.8(3) C02-05 (q) 202.5(3) C03-03 2% 211.1(2)
Col-08 2x  217.6(2) C02-02 (s) 2x  203.7(2) C03-04 222.7(3)
Col1-06 218.3(3) O =2025 Co3-024 250.0(3)
O =2141  Co02-06 (t) 242.6(3) O =2194
Co4-017 200.3(3) C05-010  2x  207.3(2) C06-09 (1) 194.8(3)
Co4-018 2x  202.3(2) Co5-011 208.0(3) Co6-015 (j) 2x  202.8(2)
Cod-016 2x  215.3(2) Co5-012  2x  209.9(2) C06-013 (k) 213.3(3)
Co4-024 217.3(3) C05-025 211.3(3) O = 203.4
@ — 208.8 @~ 209.0 Co6-023 (m) 252.0(3)

4.1.8.4 Theoretical Calculations

Additionally, we calculated bond-valence sums for M;B,,0,(OH (M = Fe, Co)
with the help of the bond-length /bond-strength concept (Tables 4.48 and 4.49)
[164, 165]. The CHARDI concept [167] could not be used, because there was no
program available for handling more than 20 anions. The formal ionic charges
of the atoms, acquired by X-ray structure analysis, were in agreement within the
limits of the concept, with exception of 025, to which the hydrogen is bound
to. Due to not knowing the real O-H distance, it is not possible to generate
the exact bond-valence sum. The undersized value may indicate that the chosen

O H-distance might be to long.

Table 4.48: Charge distribution in Fe;B,;;0,0OH calculated with the bond-length/bond-
strength concept.

Fel Fe2 Fe3 Fed Feb5 Fe6 H1
+1.84 +1.76 +1.67 +2.16 +2.13 +1.67 +0.98
B1 B2 B3 B4 B5 B6 BT B8 B9 B10 B1114 B11[3]

+3.02 4296 +294 +296 +3.08 +3.07 +3.00 +2.98 +3.04 +296 +2.61 +2.36

o1 02 03 04 05 06 o7 08 09 010 O11 012 013
-1.95 -1.92 -1.93 -1.91 -1.93 -1.84 -2.07 -1.94 -2.12 -1.96 -2.02 -2.01 -1.91

014 015 016 017 018 019 020 021 022 023 024 025 026
-1.85 -1.89 -1.92 -2.02 -2.00 -2.12 -1.90 -2.08 -1.86 -1.71 -1.90 -1.56 -1.74

Furthermore, we calculated the MAPLE values (Madelung Part of Lattice En-
ergy) [161-163] for M;B,,0,,0H (M = Fe, Co) in order to compare them with
MAPLE values of the high-pressure modification B,04-1I, H,O, and the binary
components FeO (Wuestit) and CoQ, respectively. The foundation therefore is the
additive potential of the MAPLE values, by which it is possible to calculate hypo-
thetical values for M;B,,0,,OH (M = Fe, Co), starting from the binary oxides.

Resultant we obtained a value of 137379 kJ-mol~! for Fe;B,,;0,,0H in comparison
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Table 4.49: Charge distribution in CoyB;;0,iOH calculated with the bond-length/bond-
strength concept.

Col Co2 Co3 Co4 Cob Cob H1
+1.79 +1.75 +1.63 +42.08 +2.04 +1.71 +0.93
B B2 B3 B4 B5 B6 BT B8 B9 B10 B1114 B113]

+3.03  +2.93 +2.97 +2.99 +3.10 +3.10 +3.02 +2.97 +3.06 +2.98 +2.79 +2.38

o1 02 03 04 05 06 o7 08 09 010 o11 012 013
-1.96 -1.94 -1.93 -1.93 -1.98 -1.89 -2.03 -1.93 -2.12 -1.94 -1.96 -1.97 -1.85

014 015 016 o117 018 019 020 021 022 023 024 025 026
-1.86 -1.88 -1.93 -2.03 -2.03 -2.15 -1.95 -2.10 -1.92 -1.68 -1.92 -1.53 -1.79

to 136634 kJ-mol~! (deviation: 0.5%), starting from the binary oxides (3 x FeO
(4489 kJ-mol™!) + 5.5 x B,0O,-1T (21938 kJ-mol™!) + 0.5 H,O (hexagonal ice)
[326] (5017 kJ-mol~')). For Co;B;;0,,OH we received a value of 137848 kJ-mol ™!
in comparison to 136848 kJ-mol™! (deviation: 0.07%), starting from the binary
oxides (3 x CoO (4560 kJ-mol™t) + 5.5 x B,O,-1I (21938 kJ-mol™!) + 0.5 H,O
(hexagonal ice) [326] (5017 kJ-mol~1)).
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4.1.9 The Borate “Fe;B;0,,N”

4.1.9.1 Synthesis

The synthesis of “Fe;B,0,,N” raises a big problem, since it is still not clear un-
der which conditions the phase can be obtained. In the majority of cases it
appeared as a by-product during the synthesis of other iron borates. The lack
of knowledge of the explicit formula, concerning the O and N content, pointed
another problem to solve. Specific trials of the preparation of “Fe,B,0,,N” led
to the application of different reagents as BN, NaN,, or FeCl,. The best result
was obtained by adding FeCl, to the oxide mixture in the ratio Fe,O, : B,0O, :
FeCl, — 2.5 : 7 : 1 utilizing a high-pressure /high-temperature reaction (7.5 GPa,
1100 °C). As no chlorine could be found in the crystals of “Fe;B.0O,,N”, it is as-
sumed that FeCl, acts as a flux. Presumably the BN-crucible is the nitrogen
source in this synthesis. For the synthesis of “Fe;B.0O,N” the 18/11 assembly
was compressed to 7.5 GPa within 180 min. After reaching this pressure the sam-
ple was heated up to 1100 °C at constant pressure during the following 10 min.
Having stayed at this temperature for 5 min, the sample was cooled down to ca.
750 °C in another 15 min and then quenched
to room temperature by switching off the
heating, followed by a decompression period
of 540 minutes. Afterwards, the recovered
MgO-octahedron was cracked and the sam-
ple carefully separated from the surround-

ing boron nitride crucible. The compound

“Fe;B-0,,N” was obtained in form of air-
and water-resistant, light blue crystals. Fig-

Figure 4.67: Blue crystals of
ure 4.67 shows the sample of “Fe;B,0,N” | «Fe,B.0,,N".

which was synthesized with FeCl, as flux.

4.1.9.2 Crystal Structure Analysis

A light blue, cubic crystal of “Fe;B,0,,N” was isolated by mechanical fragmenta-
tion and examined by means of a Buerger camera, equipped with an image plate
system (Fujifilm BAS-2500) in order to check its suitability for intensity data col-
lection. Single crystal intensity data of “Fe;B.0O,,N” were measured with a STOE
IPDS T area detector diffractometer (MoK, A = 71.073 pm). A numerical absorp-
tion correction was applied (HABITUS [132]).

The determination of the metrics yielded a cubic F' centred unit cell. The Laue

symmetry m3m and systematically absent reflections hhl with h,l — 2n indicated



122 4 Experimental Part

the possible space groups F43c and Fm3c. As no solution could be obtained by
Direct methods, the structure was solved by trial and error. Taking into account
the multiplicity of the Wyckoff positions in an F' centred unit cell with m3m Laue
symmetry it is clear that the maximum multiplicity of an iron site can be 24 as
otherwise an unreasonably high density of > 4 g/cm?® would result. Placing Fe on
the 24¢ site (0 1 1) in F43c yielded an R1 value of ~ 0.25, and light atoms could
be located from subsequent Fourier and difference Fourier syntheses. However,
the displacement parameter of Fe indicated a strong deviation from the 24 ¢ site.

Assuming a half occupied split position 48¢ (x }L 1) with x &~ 0.03 reduced the

4

R values significantly. No additional symmetry could be found and the structure
is clearly acentric, so that Fm3¢ can be excluded.

Details of the data collection and structure refinement are listed in Table 4.52.

The positional parameters, anisotropic displacement parameters, interatomic dis-

tances, and interatomic angles are given in Tables 4.50-4.54.

Table 4.50: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
“Fe;B,0,,N” (space group F43m). U, is defined as one third of the trace of the orthogonalized
Uj; tensor (standard deviations in parentheses).

Atom Wyckoff- X y 7 Ueq
Position

Fe 48¢ 0.0309(2) 3/4 3/4 0.0261(8)

B1 24d 0 3/4 0 0.011(2)

B2 32e 0.9208(6) X 0.0792(6) 0.023(2)

0 96h 0.9770(2) 0.6821(2) 0.9035(2) 0.0146(8)

N 8a 0 0 0 0.018(2)

Table 4.51: Anisotropic displacement parameters of “Fe;B,0,,N” (standard deviations in paren-
theses).

Atom U Uaa Uss Uas Uis Uiz

Fe 0.036(2) 0.020(2) 0.022(2) 20.004(2) 0 0

B1 0.010(2) 0.011(3) 0.010(2) 0 0 0

B2 0.023(2) 0.023(2) 0.023(2) -0.013(3) -0.013(3)  0.013(3)
0 0.016(2) 0.011(2) 0.017(2) 20.003(2)  0.006(2) -0.006(2)
N 0.018(2) 0.018(2) 0.018(2) 0 0 0
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Table 4.52: Crystal data and structure refinement of “FeyB,0,,N” (standard deviations in

parentheses).

Empirical Formula

Molar mass/g-mol
Crystal System

Space group

Single crystal diffractometer
Radiation

Single crystal data
a/pm

V/nm?

Formula units per cell
Temperature/K
Calculated density /g-cm—3
Crystal size/mm?
Detector distance/mm
Exposure time,/min
Absorption coefficient /mm ~1
F(000) /e

0 range/*

Range in hkl

Total no. reflections
Independent reflections
Reflections with I > 20(I)
Data/parameters
Goodness-of-fit (F?)

Final R indices (I > 20(I))

R indices (all data)

Flack-parameter
Largest diff. peak, deepest hole/eA‘3

Fe;B,0,,N

449.23

cubic

F43c

SToE IPDS-1

MoKy (A = 71.073 pm)

1222.4(2)

1.826(4)

Z—8

293(2)

3.267

0.068 x 0.096 x 0.122
50.0

15.0

4.785

1728

4.7 - 30.2

S7/417, -17/411, £17
1928

237 (Rint — 0.0357)
211 (Rs = 0.0192)
237/22

1.136

R1 — 0.0643

wR2 — 0.1671

R1= 0.0643

wR2 = 0.1699
-0.1(2)

3.181/-0.713




124 4 Experimental Part

4.1.9.3 Crystal Structure Description

The new phase “Fe;B,0,,N” is built up from starlike shaped units, consisting of
four slightly distorted BO;N-tetrahedra sharing one common edge. The bridging,
fourfold coordinated position is presumably occupied by nitrogen, which is coor-
dinated by four boron atoms in a tetrahedral way. These starlike shaped units are
connected via additional, undistorted BO,-tetrahedra to form a network structure.
Figure 4.68 shows the cubic unit cell of “Fe;B,0,,N” along [100] with the starlike
shaped unit highlightened in red and the connecting BO ,-tetrahedra in violet. The

Figure 4.68: Unit cell
of “Fe; B, 0, N” with view
along [100]. Starlike
shaped units are high-
lightened in red, connect-
ing BO,-tetrahedra in vio-
let. Green spheres: Fe?",
blue spheres: 027, yellow
spheres: N® | red spheres:
Bt

structure is crossed by channels built up of “Achter”-rings (rings consisting of eight
tetrahedral centres) |39] in which the Fe cations are arranged. These channels
have a diameter of ca. 410 pm and run along all three spatial directions, whereas
a porous network is generated (Figure 4.68). The iron cations are located on a
split position. This might be due to multiple pseudo-merohedral twinning, how-
ever, trial refinements did not yield a more satisfactory solution so far. Figure
4.69 points up the split position of Fe?" (view along [011]) by colouring one iron
cation on the split position green and the other one orange. Within the substance
class of borates, the only compound revealing starlike shaped units is «- or high-
boracite (space group F43c¢). In this case the fourfold position in the centre of the
starlike building block is occupied by oxygen. Fourfold coordinated oxygen-atoms
are very rare. The starlike shaped units in high-boracite are interconnected wvia

additional BO ,-tetrahedra, thus showing the identical network of tetrahedra as
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Figure 4.69: View of
the crystal structure of
“Fe;B,0,,N” along [110].
The iron cations on the
split positions are coloured
in green and orange.

found in “Fe,B,0,,N”. Figure 4.70 shows the crystal structure of high-boracite.
The notation boracite, which is actually used for more than 25 compounds, can be
attributed to the mineral boracite Mg;B,0,;Cl [327]. The general formula of bo-
racite can be depicted as M;B,0,5X with M = Mg, Cr, Fe, Co, Ni, Cu, Zn, Cd, and
X — Cl, Br, T [327]. Occasionally, X could be OH, S, Se, Te, or F. Since cubic bo-
racites are usually synthesized in closed quartz ampoules at elevated temperatures
[327, 328|, the assumption stands to reason, if cubic boracite might be a high-
pressure phase. High-boracite even reveals the same space group as “Fe;B,0,,N”,
namely F43c, but shows a smaller cell volume of 1.772 nm?. In accord with this,
the diameter of the channels is a little bit smaller (405 pm) as well. In both com-
pounds the cations are positioned inside of the channels, whereas in boracite also
Cl ™ anions are arranged in the channels. These chlorides could not be detected in
“Fe,B,0,,N”, but would be thinkable.

Besides this very interesting and unique structure, boracites even reveal pyro-
electricity [327, 329| (e.g. orthorhombic Mg;B,0,5Cl [328]), piezoelectricity (e.g.
cubic Mg,B,0,;Cl [328]), dielectricity (Cry;B;0,5;Cl [330]), ferroelectricity, ferroe-
lasticity, and partially ferromagnetism (Fe;B-O;31 below 30 K [331]). Boracites
have recieved special attention due to their unusual physical properties, that make
them have potential applications: as optic stopper due to the modification in
birefringence produced by the application of a mechanical strain, electric fields,
electron beam, and /or a change in temperature |327, 332|; ferroelectric nonvolatile
memory (ferroelectric random access memory, or FRAM) because of the reorien-
tation of its ferroelectric domains [327, 333|; infrared (IR) detection due to the
intrinsic pyroelectricity of the boracite [327, 334, 335].

Additionally, there also exist low-temperature modifications of boracite, which
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Figure 4.70: Crystal structure of high-boracite Mg,B,0,5Cl along [100]. Mg®" is shown as
grey, C1~ as green, Ol as blue, O (4 as pink, and B3" as red spheres.

5

QN

reveal either orthorhombic (e.g. low- or 3-Mg;B-0,5Cl, Pca2, |336]), trigonal (e.g.
Fe;B,0,;Cl, R3¢ [336, 337]), tetragonal (e.g. CryB,0,;C1[330], P42;¢), or mono-
clinic symmetry (e.g. Fe;B;0,;1 below 30 K [331]) depending on the elemental
composition and the temperature. The crystal structure of orthorhombic boracites
can be described on the basis structure of the cubic boracites. One of the four boron
atoms, coordinating one common oxygen atom (O1), shifts from a tetrahedrally
to a triangularly coordination (see Figure 4.71).
This shift involves displacements of about 50 pm
[338]. Concerning the trigonal boracites the dis-
placement of the cubic can be described as fol-
lows: The fourfold coordinated oxygen atom (O1),
one boron atom, and chlorine atoms lie on and are

displaced along the one cubic threefold axis which

is preserved in the trigonal structure. The metal
cations lie on and are displaced along the cubic [100] Figure 4.71: Structural element
directions, but the resultant of their displacement is of orthorhombic Mg,B,0,;Cl.
along the threefold axis [336].

Sueno et al. [338] considered the structure of high-temperature cubic boracite as
an “average” of the orthorhombic structure variant. They discussed three models:
1) The cubic structure might be a true high-temperature structure with located

atoms at distinctive positions with high thermal motion. 2) The cubic structure
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might be a disordered space-time average of the different ferroelectric orientations
of the orthorhombic structure. 3) A combination of 1) and 2). This model assumes
the borate framework to have the normal elevated temperature vibrations with a
stable configuration, whereas the metal cations and chlorine atoms are affected
by disordering. The authors prefer the latter model because the only appreciable
drop in the residual factor comes with splitting the Cl and Mg atoms, just as
in “Fe,B,0,,N”. Further on, it is described by different authors, that boracites
crystals are obtained as twins. Ito et al. describe the crystal of low-Mg,B,0,;Cl,
which they used for their powder diffraction experiments, as tiny, optically di-
versely orientated laminae and it was almost impossible to obtain a homogeneous
slip free from twinning [339]. Their measurements permit an easy and perfect

indexing on the basis of a cubic lattice. The transformation matrix from the cubic

1 1
11
2 2
to orthorhombic (direct) axes were assigned to [ 1 1 0. Friedel described low-
0 0 1

Mg,B.0,,Cl as mimetic twin, composed of several individuals of varying shape
and size [339] and Schmid observed two twinning “laws”™ head-head (tail-tail) do-
mains with {110}.,, as composition plane and head-tail domains with {100}, as
composition plane [340]. Considering this, our crystals of “Fe;B,0,,N” have to be

examined very closely.

In “Fe;B.0O,,N” iron is coordinated by four
oxygen atoms nearly squarish planar or by
an extremely distorted tetrahedron (see Figure
4.72). In this connection it is noteworthy that
between the Fe?" cations a big cavity is located,
wich remains empty in the proposed structure
(see Figure 4.73). In high-boracite the Cl = ions
are arranged at this position. In “Fe,B,0,,N”
at this position a high electron density remains

in the structure refinement, but no atom could

be placed at this position. The Fe—-O-distances

range between 205.4(3) to 215.5(3) pm with a Figure 4.72: Coordination sphere of
the Fe®" cations in “Fe;B,0,,N” .
Green spheres: Fe?', blue spheres:
than the average Fe—O distance of sixfold coor- O® , yellow spheres: N? , red

dinated iron atoms found in Fe "Fe;"(BO,)O, spheres: B

(203.8 pm) or in FeBO, (202.8 pm). The B2-

O-distance in the BO;N-tetrahedra is 144.9(5) pm, whereas the Bl O-distance in
the bridging BO,-tetrahedra adds up to 147.0(3) pm, which agrees to the known
average value of 147.6 pm for borates [232, 233|. Obviously, the B2-O bond-length
inside the BO;N-groups is smaller than the distances inside the BO j-groups. The

mean value of 210.5 pm, which is slightly higher
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B2-N bond-length inside of the BO;N-tetrahedra adds up to 168.0(2) pm, which is
drastically longer than the B-O-distances inside of the same tetrahedra (see Table

Figure 4.73: View of
the cavity spanned by
the Fe?" cations inside

of the crystal structure of
“Fe;B,0,,N".

4.53). The B-N-distance in ¢-BN (cubic ZnS structure) shows a value of 156.5
pm [341], which is considerably shorter than the B N-distance in “Fe;B,0,N".
Thereby it has to be considered that c-BN is composed of regular BN ,-tetrahedra,
whereas “Fe;B;0,,N” possesses distorted BO;N-tetrahedra. The O-B-O and
O-B-N angles inside the tetrahedra show mean values of 109.9 and 109.3°, respec-
tively (Table 4.54). Drawing a comparison to cubic high-boracite Mg,B;0,;Cl,
one can see slight differences in the bond-lengths inside the starlike shaped unit,
whereas the bond distances inside bridging BO,-groups coincide in both struc-
tures. The B2 Ol (Mg,B.0,5Cl) distance accounts 169.3 pm [338] and the B2
NHM bond length ( “Fe,B,0,,N” ) adds up to 168.0 pm. Considering the B2-O !
distances, also a small difference can be discovered (Mg;B,0,,Cl: 143.7 pm [338],
“FesB,0,,N” : 144.9 pm). This tendency of smaller X N 'in comparison to X
OM distances was also observed by Schleid et al. in the related phases La,NS,Cl,
|342| and La,OS,Cl, [343] with tetrahedrally La,N and La,O units, respectively.
This is a known trend, also observed in other nitridosulfides and -oxides, showing
the same coordination number of the O? and N* ions [342]. This appears to
be feasable, due to the lower oxidation state (higher charge) of N ®~, but disagrees
with the ionic radii given by Shannon (r(O?*) = 138 pm, r(N*") = 146 pm for
C.N. = 4) [344].

Table 4.53: Interatomic distances/pm in “Fe;B,0,,N” (space group F43c) calculated with the
single crystal lattice parameters (standard deviations in parentheses).

Fe-Oa 205.4(3) 2 x B2-O 144.9(5) 3 x
Fe-Ob  215.5(3) 2 x B2-N  168.0(2) 1 x
0 = 210.5 0 = 150.7

B1-O  147.0(3) 4 x N-B2 167.0(2) 4 x
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Table 4.54: Interatomic angles/® in “Fe;B,0,,N” calculated with the single crystal lattice pa-
rameters (standard deviations in parentheses).

0-B1-0O 108.6(2) 3 x 0-B2-0 110.3(4) 3 x
0-B1-O 111.2(2) 3 x O-B2-N 108.2(5) 3 x
0 —109.9 @ = 109.3

EDX measurements could prove the presence of iron, boron, and oxygen; the
occurence of nitrogen could not be clearly evidenced though. Therefore future
EELS measurements of this phase are essential to prove or disprove the presumed
composition “Fe;B,0,,N".

Recently Stephanie Neumaier was able to synthesize “Fe;B.0O,,N” nearly phase
pure at conditions of 3 GPa and ca. 950 °C. The impurity consists simply of
boron oxide, which is not detected in the diffraction pattern because of its amor-
phism. No other crystalline compound could be found in the sample. Comparing
the powder diffractogram to other boracite like structures, one finds a clear accor-
dance between the measured diffractogram and the diagram of Fe,B,0,;Cl. This
compound formes red crystals [345], in contrast to the here investigated phase,

which formes blue crystals.

4.1.9.4 Vibrational Spectroscopic Investigations

The Raman-spectrum of “Fe,B,0,,N” was measured at a single crystal with a
Raman-microscope Horiba Jobin yvon HR800 (x50LWD), using a green laser
(Melles Griot ion laser) with a wavelength of 514 nm (Figure 4.74).
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spectrum of “Fe;B,;0,,N". Wavenumber/cm’™

Due to the lack of knowledge concerning the real crystal structure the assigne-
ment of the bands could not be carried out until yet. Further investigations are

still going on.
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4.1.10 The Borate “Co;B40,;(OH),”

4.1.10.1 Synthesis

Starting materials for the synthesis of “Co;Bg0;5(OH),” were mixtures of B,O,
(Strem Chemicals, Newburyport, U.S.A.; 99.9%) and Co,0,. The non-stoichio-
metric mixture, with ratio B,O,4 : Co,O5 = 11 : 3, was filled into a boron ni-
tride crucible of an 18/11 assembly. The origin of hydrogen in the compound
“Co3Bg0,5(OH),” can be found in the partially hydrolysis of the starting material
B,0;. To simplify the reaction Equation 4.10 was written with H,O instead of the
hydrolysis product B(OH)s,.

30,0, + 8 B,O, + 4 H,0 % 2 Co4B40,5(0OH), + 1.50, (4.10)

The assembly was compressed within 3 h to
7.5 GPa and heated to 800 °C in the following
10 min. After staying at this temperature for 5
min, the sample was cooled down to 500 °C in
another 15 min. The sample was then quenched
to room temperature by switching off the heat-
ing. After a decompression period of 9 h, the

recovered octahedron was cracked, and the sam-

ple carefully separated from the surrounding boron

nitride.  “Co3BgO,5(OH),” was sustained as a Figure 4.75: BN-crucible with
violet Co3B;;0,OH and pink

coarsely crystalline, pink solid. The phase was 9
y ooy P P CoyB50,5(0H),”.

obtained as a by-product in combination with
violet Co;3By;0,,0H (section 4.1.8). “Co3BgO,3(OH),” is formed in the middle
of the crucible, as shown in Figure 4.75. Therefore, it is presumed that pure

“Co3Bg0,5(OH),” can be synthesized at lower temperatures.

4.1.10.2 Crystal Structure Analysis

The powder diffraction pattern was obtained from a flat sample, utilizing a STOE
Stadi P powder diffractometer with monochromated MoK,; radiation (A =
71.073 pm). Due to the lack of phase purity of the sample, the powder diagram
(Figure 4.76) could not be indexed. Reflections marked with asterisks could not be
clearly assigned to any known phase in the system Co B O. Figure 4.76 shows a
comparison of the experimental powder pattern to the pattern derived from single

crystal data.
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100.0 "Co,B;0,,(OH),"

Relative Intensity (%)

100.0 Simulation

Relative Intensitv (%)

N UWMMW
0.0
8.0 12.0 16.0 20.0 240 28.0 32.0 2Theta

Figure 4.76: Measured (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of “Co;Bg0,5(0OH),”.

Single crystals of “Co;Bg0,5(OH),” were isolated by mechanical fragmentation
and examined by means of Laue photographs on a Buerger camera equipped with
an image plate system (Fujifilm BAS-2500) in order to check their suitability
for intensity data collection. Single crystal intensity data of “Co;Bg0,5(OH),”
were measured with an Enraf-Nonius Kappa CCD diffractometer (MoK, A =
71.073 pm) with graded multilayer X-ray optics. A semi empirical absorption
correction was applied to the data (SCALEPACK [133]). The determination of the
metrics yielded a cubic F centred unit cell. The Laue symmetry m3m and system-
atically absent reflections hhl with h,l = 2n indicated the possible space groups
F43c and Fm3c. As no structure solution could be obtained by direct methods or
charge flipping, the structure was solved in P1 using SIrR 2004 [137]|. The approxi-
mate refinement provided a R1-value of 18%. The ADDSYM routine of the program
PLATON revealed the space group Cec. As the Laue symmetry is m3m, the corre-
sponding structure model must be refined taking into account a twin with twelve
twin domains. The refinement led to a residual of R1 = 5%. A repeated search for
higher symmetry displayed R3c to be the correct space group. The structure could
then be refined in R3¢ with the help of a twin consisting of four twin domains.
Electrostatic considerations suggest the presence of hydrogen, leading to the pre-
sumed formula “Co3BgO,3(OH),”. Bond-valence calculations suggest that hydro-

gen bonds to the oxygen atoms of isolated BO ,-tetrahedra. The structural data
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will be elaborated in the following sections. The lengths of the oxygen-hydrogen
bonds were restrained to 88 pm in accordance to the bond-length between oxygen
and hydrogen in [B(OH),| = of teepleite Na,[B(OH),|Cl (88(5) pm) [346]. Details
of the data collections and structure refinements are listed in Table 4.55. The po-
sitional parameters, anisotropic displacement parameters, interatomic distances,

and interatomic angles are given in Tables 4.56 — 4.59.
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Table 4.55: Crystal data and structure refinement of “Co;Bg0,5(OH),” (standard deviations

in parentheses).

Empirical Formula

Molar mass/g-mol
Crystal system

Space group

Single crystal diffractometer
Radiation

Single crystal data
a/pm

¢/pm

Volume /nm?

Formula units per cell
Temperature/K
Calculated density /g-cm—3
Crystal size/mm3
Detector distance/mm
Scan time per degree/min
Absorption coefficient /mm~!
F (000)/e

0 range/°

Range in hkl

Total no. reflections
Independent reflections
Reflections with T > 20(1)
Data/parameters
Absorption correction
Goodness-of-fit (F?)

Final R indices (I > 2 o(I))

R indices (all data)

Largest diff. peak/ deepest hole/e-A—3

“CogBg043(0H),”

539.17

trigonal

R3c

Enraf-Nonius Kappa CCD
MoK (A = 71.073 pm)

1747.4(2)
2140.1(2)

5.659

Z=24

293

3.798

0.11 x 0.09 x 0.07
40.0

4.0

5.360

261

3.30 — 34.96

1428, +£28, +£34
16466

2768

14085 (R = 0.0675)
2768/360
multi-scan (SCALEPACK)
0.975

R1 = 0.0586

wR2 = 0.1398

R1 = 0.0761

wR2 = 0.1509
1.602/-0.982
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Table 4.56: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
“Coy3Bg0,5(0OH),” (space group R3c). Ueq is defined as one third of the trace of the orthogo-
nalized Uj; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position
Col 18b 0.23781(5) 0.24455(5) 0.07209(4) 0.0123(2)
Co2 185 0.23231(5) 0.49339(6) 0.07808(3) 0.0145(2)
Co3 18b 0.07332(8) 0.1635(2) 0.24580(4) 0.0351(3)
Co4d 18b 0.99478(6) 0.24825(5) 0.09020(4) 0.0135(2)
B1 6a 0 0 0.9748(5) 0.014(2)
B2 18b 0.0454(3) 0.1003(3) 0.1051(3) 0.0101(8)
B3 185 0.3386(4) 0.4230(4) 0.9975(4) 0.0060(8)
B4 185 0.2243(3) 0.2864(3) 0.9373(3) 0.0079(7)
B5 185 0.1652(4) 0.3328(4) 0.1629(4) 0.0107(8)
B6 185 0.2255(3) 0.4367(3) 0.9356(3) 0.0086(8)
B7 18b 0.3329(3) 0.1762(4) 0.1680(3) 0.0072(8)
B8 18b 0.4169(4) 0.3420(4) 0.1623(4) 0.006(2)
B9 185 0.1671(3) 0.0921(4) 0.1597(3) 0.0050(9)
B10 185 0.3613(3) 0.4336(3) 0.1128(3) 0.0080(7)
Bi11 18b 0.0781(4) 0.1649(4) 0.9935(3) 0.0102(9)
B12 6a 1/3 2/3 0.9953(6) 0.012(2)
H1 18b 0.131(2) 0.386(4) 0.188(3) 0.023
H2 185 0.250(4) 0.370(2) 0.183(3) 0.021
H3 18b 0.064(5) 0.287(4) 0.211(2) 0.024
H4 185 0.155(4) 0.333(4) 0.069(3) 0.027
H5 18b 0.219(4) 0.567(4) 0.985(2) 0.022
H6 6a 1/3 2/3 0.886(2) 0.059
o1 185 0.1822(3) 0.3207(3) 0.0985(2) 0.023(2)
02 185 0.0732(3) 0.2711(3) 0.1732(2) 0.0197(8)
03 6a 0 0 0.0891(3) 0.012(2)
04 18b 0.1910(2) 0.3422(2) 0.9076(2) 0.0071(5)
05 18b 0.4254(2) 0.4309(2) 0.9891(2) 0.0107(7)
06 185 0.1056(2) 0.1516(2) 0.0541(2) 0.0085(6)
o7 185 0.4104(2) 0.2560(2) 0.1466(2) 0.0074(6)
08 185 0.9749(2) 0.1207(2) 0.1106(2) 0.0093(6)
09 185 0.3622(2) 0.3549(2) 0.1142(2) 0.0087(6)
010 18b 0.3790(2) 0.4828(2) 0.1670(2) 0.0105(6)
o11 185 0.3349(2) 0.4597(2) 0.0606(2) 0.0097(6)
012 185 0.1753(2) 0.4273(2) 0.9932(2) 0.0092(6)
013 185 0.2149(2) 0.4894(2) 0.8887(2) 0.0099(6)
014 185 0.3202(2) 0.4727(2) 0.9506(2) 0.0096(6)
015 18b 0.2699(2) 0.3274(2) 0.995(2) 0.0092(6)
016 18b 0.0955(2) 0.1147(2) 0.1628(2) 0.0089(6)
017 185 0.2857(2) 0.2801(2) 0.8937(2) 0.0103(6)
018 18b 0.2515(2) 0.1695(2) 0.1427(2) 0.0096(6)
019 185 0.9992(2) 0.0782(2) 0.9713(2) 0.0095(6)
020 18b 0.1478(2) 0.1970(2) 0.9469(2) 0.0087(6)
021 18b 0.1836(2) 0.4221(2) 0.1736(2) 0.0194(8)
022 185 0.2484(2) 0.5977(2) 0.0161(2) 0.0187(8)
023 185 0.2229(3) 0.3165(2) 0.2017(2) 0.0172(7)
024 6a 1/3 2/3 0.9268(4) 0.049(3)
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Table 4.57: Anisotropic displacement parameters of “Co3Bg0,5(0OH),” (standard deviations in
parentheses).

Atom Ui Uao Uss Uas Uis Uiz

Col 0.0137(3)  0.0082(3)  0.0130(3)  0.0003(2) -0.0029(3) 0.0039(3)
Co2 0.0120(3)  0.0195(4)  0.0136(3)  -0.0034(3) -0.0027(3) 0.0101(3)
Co3 0.0264(5)  0.0692(7)  0.0256(5)  -0.0272(4) -0.0141(4)  0.0358(5)
Cod 0.0192(4)  0.0091(3)  0.0131(4)  0.0021(2) 0.0036(2) 0.0078(3)
Bl 0.010(2) 0.010(2) 0.023(5) 0 0 0.005(2)
B2 0.005(2) 0.011(2) 0.009(2) 0.003(2)  0.002(2)  -0.000(2)
B3 0.004(2) 0.006(2) 0.002(2) 0.000(2)  0.001(2)  -0.001(2)
B4 0.009(2) 0.008(2) 0.005(2) 20.002(2)  -0.001(2)  0.003(2)
B5 0.017(3) 0.008(2) 0.009(3) 0.001(2)  0.001(3)  0.008(3)
B6 0.009(2) 0.008(2) 0.011(2) 0.004(2)  0.005(2)  0.005(2)
B7 0.007(2) 0.009(2) 0.006(2) 0.002(2)  -0.002(2)  0.004(2)
B8 0.006(2) 0.005(2) 0.008(2) 0.002(2)  0.004(2)  0.003(2)
B9 0.004(2) 0.005(2) 0.006(2) 0.0004(8) -0.0009(8)  0.0021(9)
B10 0.007(2) 0.004(2) 0.010(2)  -0.000(2) -0.001(2)  0.001(2)
B11 0.008(3) 0.015(3) 0.006(3)  -0.003(2) -0.002(2)  0.004(2)
B12 0.014(3) 0.014(3) 0.010(4) 0 0 0.007(2)
01 0.033(3) 0.035(2) 0.011(2) 0.001(2)  0.001(2)  0.025(2)
02 0.013(2) 0.019(2)  0.024(2)  -0.004(2) -0.002(2)  0.006(2)
03 0.011(2) 0.011(2) 0.013(4) 0 0 0.0055(8)
04 0.0067(9)  0.0046(8)  0.0073(9)  0.0003(7) -0.0024(7)  0.0008(7)
05 0.006(2) 0.012(2) 0.017(2) 0.003(2)  -0.000(2)  0.007(2)
06 0.007(2) 0.011(2)  0.007(2) 0.001(2)  0.001(2)  0.003(2)
07 0.006(2)  0.005(2)  0.010(2) 0.002(2)  -0.001(2)  0.002(2)
08 0.008(2) 0.008(2)  0.014(2) 0.000(2)  0.002(2)  0.006(2)
09 0.006(2) 0.009(2) 0.012(2) 0.001(2)  -0.002(2)  0.004(2)
010 0.015(2) 0.009(2) 0.007(2) 0.004(2)  -0.003(2)  0.006(2)
011 0.012(2) 0.010(2) 0.012(2) 0.0002)  -0.001(2)  0.010(2)
012 0.012(2) 0.009(2) 0.008(2) 20.000(2)  -0.001(2)  0.006(2)
013 0.009(2) 0.007(2) 0.012(2) 0.003(2)  0.004(2)  0.003(2)
014 0.008(2) 0.008(2) 0.014(2) 0.000(2)  -0.002(2)  0.005(2)
015 0.009(2) 0.006(2) 0.010(2) 0.004(2)  0.002(2)  0.002(2)
016 0.013(2) 0.010(2) 0.006(2) 0.001(2)  0.002(2)  0.008(2)
017 0.005(2) 0.015(2) 0.011(2) 20.002(2)  -0.003(2)  0.004(2)
018 0.006(2)  0.009(2)  0.011(2) 0.000(2)  0.000(2)  0.002(2)
019 0.007(2) 0.008(2) 0.012(2) 0.001(2)  0.000(2)  0.003(2)
020 0.007(2) 0.006(2) 0.009(2) 0.002(2)  0.000(2)  0.001(2)
021 0.012(2) 0.012(2) 0.031(2) 0.004(2)  -0.005(2)  0.005(2)
022 0.010(2) 0.008(2) 0.034(2)  -0.003(2)  0.003(2)  0.001(2)
023 0.027(2)  0.015(2)  0015(2)  -0.004(2) -0.006(2)  0.015(2)
024 0.065(4) 0.065(4) 0.016(4) 0 0 0.033(2)
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4.1.10.3 Crystal Structure Description

“Co3Bg0,5(OH),” contains trigonal BO, and tetrahedral BO ,-groups, condensed
to a network structure. The trigonal units are linked wia twofold coordinating
oxygen atoms (O [2]). The tetrahedral BO  -groups are connected by oxygen atoms
that share either two (OP) or three (OP) common corners. Additionally in
“Co43Bg0,5(OH),” there are isolated B(OH) ,-tetrahedra. The structural element of
isolated [B(OH),| = anions can be found only in a few other borates, e.g. bandylite
(Cuy|B(OH),4|,Cl,) [347, 348], Ba|B(OH),], - H,O [349], teepleite (Na,[B(OH),|CI)
[346], or henmilite (Ca,Cu(OH),[B(OH),|,) [350]. Figure 4.77 shows the structure

% V V)

\ b /!
=\ -

Figure 4.77: Crystal structure of “Co;Bg0,;(OH),” with view along [100]. Co®" ions are
shown as dark red, Q2" ions as blue, and B> as red spheres. Green tetrahedra represent
isolated B(OH) ,-groups, whereas blue ones represent Q 2 or Q2 tetrahedra.

of “Co;Bg0,4(OH),” along [100], exhibiting drop-shaped channels running along
the a- and b-direction. The vertices of these asymmetric channels point all in the
same direction, which illustrates the non-centrosymmetry of the structure. Fig-
ure 4.78 gives a view of the crystal structure along [101], showing a network with
channels incorporating the isolated B(OH) ,-tetrahedra and a part of Co*".

The channels are built up by different “Achter” rings [39], composed either of
eight tetrahedra, of seven tetrahedral and one trigonal unit, or of six tetrahedra
and two trigonal BOj-groups. Figure 4.79 demonstrates the different types of
rings along [101]. Inside of each ring, the Co?" ions are located, which are either
coordinated by six oxygen ions in a strongly distorted octahedral way (Col, Co2,

Cod) or by seven oxygen anions (Figure 4.80).
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Figure 4.78: Crystal structure of “Co;Bg0,4(OH),” with a view along [101]. Co®" ions are
shown as dark red, O2~ ions as blue, and B>®" as red spheres. Green tetrahedra represent
isolated B(OH),-groups, whereas blue ones represent Q% or Q® tetrahedra.

Figure 4.79: Left: “Achter” ring composed of eight BO ,-tetrahedra. Middle: “Achter” ring
composed of seven BO,-tetrahedra and one trigonal BO;-group. Right: “Achter” ring composed
of six BO,-tetrahedra and two trigonal BO;-groups. All rings are shown with a CoOg-octahedron
inside of them.

The Co-polyhedra are interconnected by the isolated B(OH) ,-tetrahedra result-
ing in a chain, composed of tetrahedra, CoOg-octahedra (Col, Co2, Cod), and
CoO;-polyhedra (Co3). Figure 4.81 demonstrates the different chains of B(OH) ,-
and Co-polyhedra, surrounded by “Achter” rings, and the linkage of the different
polyhedra. On the left hand side the chain is composed of B5, B12, Co2, and
Co3 as well as “Achter” rings alternating built up either from eight tetrahedra or
seven tetrahedra and one trigonal unit. The middle chain consists of B5 and Co4.
The rings consisting of seven tetrahedral and one trigonal planar borate group are
rotated against each other by approximately 180°. The chain pictured on the right

hand side exhibits B5 and Co4 atoms. The corresponding rings are not rotated
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233
-

Figure 4.80: Coordi-
nation spheres of Co?"
in “Coy3Bg0,4(0OH),".
Distances are given in
pm.

along the [101]-direction, the BO4-groups are situated on top of each other. The
occurence of different chains inside the crystal structure of “Co;BgO,5(OH),” is
2:1:1 (Figure 4.81 from left to right). The remaining Co?" ions are positioned
between the rings in a way that four Co cations are located between two rings
along |101] on a level with the B(OH),-tetrahedra. The Co*" ions Col, Co2, and
Co4 are coordinated in a distorded octahedral way, whereas Co3 is coordinated by
seven O? ions (Figure 4.80). These coordination numbers are obtained by ECoN

calculations (Effective Coordination Numbers according to Hoppe) [161-163|.

Figure 4.81: Three types of chains composed of B(OH),- and Co-polyhedra, surrounded by
“Achter” rings.

The “Achter” rings are interconnected wvia strings of BO,-tetrahedra running
along [101]. These strings are built up from [(BO,)O "] units, consisting of three

tetrahedra linked by one common corner (OBl). The units are connected among
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each other by additional tetrahedra. Figure 4.82 demonstrates the three differ-
ent types of strings appearing in “Co;Bg0O,3(OH),”. The left and right types of
strings reveal only O4, whereas the middle type exhibits alternating O3 and O4

on the position of OBl Threefold coordinated oxygen atoms OBF! can also be

Figure 4.82: Three types of strings
connecting “Achter” rings to a net-
work structure.

found in other borates, e.g. 3-MB,O, (M — Mn [261], Co, Ni [261], Cu [261], Zn
[171]), B-RE(BO,); (RE = Nd, Sm, Gd-Lu) [262-264|, y-RE(BO,); (RE = La-
Nd) [265, 266], and minerals like tunnelite (SrB;O4(OH),-3H,0), strontioginorite
((Sr,Ca),B,,0,,(0OH)4-6H,0) [267], aristarainite (Na,Mg[BsOg (OH),|,-4H,0) [268],
and the high-pressure modification of B,0, [82].

For clarity, the hydrogen atoms are not shown in the previous Figures, but Figure
4.83 demonstrates the two crystallographically distinguishable B(OH) ,-tetrahedra
with the positions of the hydrogen atoms. Reduced values in the bond-valence
calculations for oxygen atoms O1, 02, 021, 022, 023, and 024 led to the sug-
gestion that hydrogen bonds to these oxygen atoms beeing part of the isolated
BO,-tetrahedra.

Figure 4.83: The two crystallo-
graphically distinguishable B(OH) ,-
tetrahedra. Red spheres represent
B?*", blue spheres 02, and yellow
spheres H ™.
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The bond-lengths B-O for B1 and B10 (BOj) in “CoyBg0,,(OH),” (Table 4.58)
vary between 137.2 and 138.4 pm, with an average bond-length B-O of 137.8 pm.
They are in good accordance with the mean value known for triangular BO ;-groups
(137.0 pm) [323]. The B-O bond-distances in the remaining 10 crystallographi-
cally independent BO ,-tetrahedra (Table 4.58) range between 143.5 and 157.7 pm
with an average of 147.5 pm, which fits the known average value of 147.6 pm for
borates [232, 233|. As expected, the bonds to threefold coordinated oxygen atoms
OBl are significantly longer (150.2-157.7 pm) than the average, with partial com-
pensation by shortening of other bonds. Longer bonds can also be found in the
borates MB,O, (M — Sr [174, 175], Pb [175, 176, Eu [177]) and B-MB,O, (M
= Ca [173], Hg [172]), as well as in 3-MB,O, (M = Mn [261], Co, Ni [261], Cu
|261], Zn [171]). The O-B-O angles in the 10 crystallographically independent
BO,-tetrahedra vary between 104.6 and 114.1° (Table 4.59). These strong devia-
tions from the ideal tetrahedron angle are not exceptional for borates, synthesized
under extreme conditions. Examples for such strongly distorted tetrahedra in BO -
networks can be found e.g. in the high-pressure phases «-RE,B,04 (RE — Eu-
Tb [74-76]) with O-B-O angles varying between 99.5 and 118.9° for «-Eu,B,0,,
99.4-119.0° for x-Gd,B,0O, and 99.4-119.4° for a-Th,B,04. The BO,-groups (B1,
B10) are nearly planar, exhibiting O-B—O-angles between 119.0 and 121.3° with

an average of 119.8°.
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Table 4.58: Interatomic distances/pm in “Co;Bg0,4(OH),” (space group R3¢) calculated with
the single crystal lattice parameters (standard deviations in parentheses).

B2-08 144.7(6) B5-02 143.5(7) B8-012 146.5(7)
B2-016 146.1(7) B5-023 143.9(7) B8-017 147.6(9)
B2-06 147.0(6) B5-021 144.5(7) B8-07 148.8(7)
B2-03 155.9(5) B5-01 144.8(9) B8-09 149.5(7)
0 = 148.4 0 = 144.2 O = 148.1
B3-05 146.3(6) B6-013 143.5(6) B9-018 146.3(6)
B3-014 146.5(8) B6-012 147.6(6) B9-08 147.5(7)
B3-015 149.2(6) B6-014 148.2(6) B9-016 149.0(6)
B3-011 151.0(8) B6-04 156.6(6) B9-013 150.1(7)
0 = 1483 O = 149.0 O = 148.2
B4-015 145.5(7) B7-07 144.9(6) B11-06 144.1(7)
B4-017 146.6(7) B7-05 145.3(7) B11-020 145.1(7)
B4-020 147.8(6) B7-018 147.0(6) B11-010 150.3(7)
B4-04 150.2(6) B7-04 157.7(7) B11-019 152.8(7)
0 = 1475 O = 1487 O = 148.1
B1-019 137.6(3) 3x  B10-011 137.2(6) B12-022 143.7(5) 3x
B10-010 138.2(6) B12-024 147.0(2)
B10-09 138.4(5) O = 144.5
O = 1379
03-B2 155.9(5) 3x  04-B4 150.2(6)
04-B6 156.6(6)
04-B7 157.7(7)
O = 1548
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Table 4.59: Interatomic angles/" in “Co;Bg0,4(OH),” calculated with the single crystal lattice
parameters (standard deviations in parentheses).

08-B2-03 106.1(3)  02-B5-01 105.7(6)  O7-B8-09 105.3(5)
016-B2-03 107.7(4)  023-B5-01  107.7(4)  012-B8-017 106.3(5)
06-B2-03 109.2(4)  023-B5-021  108.8(6)  O17-B8-O7 109.3(5)
016-B2-06 109.8(4)  02-B5-021  110.4(4)  012-B8-09 110.6(5)
08-B2-06 110.4(4)  021-B5-01  110.9(5)  012-B8-07 111.3(4)
08-B2-016 113.6(4)  02-B5-023  113.3(5)  O17-B8-09 114.1(4)
@ — 1095 @ — 109.5 @ — 109.5
014-B3-011 106.9(4)  0O14-B6-04  106.9(3)  018-B9-08 107.1(5)
05-B3-015 108.5(4)  O13-B6-O4  107.8(4)  0O18-B9-013 108.6(4)
015-B3-011 108.8(5)  012-B6-04  108.0(3)  08B9-016 109.3(4)
05-B3-011 109.4(5)  012-B6-0O14  110.0(4)  016-B9-O13 109.9(5)
014-B3-015 110.5(5)  O13-B6-O14  110.8(4)  08-B9-013 110.9(4)
014-B3-05 112.6(5)  O13-B6-012  113.3(4)  018-B9-016 111.0(4)
@ = 1095 @ = 109.5 @ = 109.5
020-B4-04 107.8(3)  OI18B7-04  104.6(4)  010-B11-019 106.4(4)
017-B4-04 108.4(4)  05-B7-04 107.0(4)  06-B11-010 108.4(5)
017-B4-020 108.6(4)  O7-B7-04 108.9(4)  06-B11-019 109.2(4)
015-B4-04 109.6(4)  O7-B7-018  111.2(4)  020-B11-010 109.6(4)
015-B4-017 109.7(4)  O7-B7-05 112.3(4)  020-B11-019 109.7(5)
015-B4-020 112.6(4)  05-B7-018  112.4(4)  06-B11-020 113.4(4)
@ — 1095 @ — 109.4 @ — 109.5
019-B1-019 3x  119.7(2)  O11-B10-010 119.0(4)  022-B12-024 3x  108.1(5)
010-B10-09  119.4(4)  022-B12-0223x  110.8(5)
011-B10-09  121.3(4) @ = 109.5
O — 119.9

4.1.10.4 Theoretical Calculations

Bond-valence sums were calculated for “Co;BgO,5(OH),” with the help of the
bond-length /bond-strength concept (Table 4.60) [164, 165]. The CHARDI concept
[167] could not be used, because there was no program available for handling more
than 20 anions. The formal ionic charges of the atoms, calculated from the results
of X-ray structure analysis, were in agreement within the limits of the concept,
with exception of O1, 02, 021, 022, 023, and 024, to which hydrogen is bound.
Due to the unknown O—H distances, it is not possible to generate the exact bond-

valence sum.
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Table 4.60: Charge distribution in "Co3BgO,5(OH)," calculated with the bond-length/bond-
strength concept.

Col Co2 Co3 Co4 H1 H2 H3 H4 H5 H6
+1.84 +4+1.70 +1.84 +1.80 +1.21 4119 +1.24 +1.32 +1.14 41.22
B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12
+2.96 +2.96 +2.96 +3.02 +3.30 +2.93 +2.95 +2.97 +296 +2.93 +2.99 +3.28
o1 02 03 04 05 06 o7 08 09 010 O11 012

-2.02 -2.03 -1.81 -1.86 -1.91 -1.93 -1.83 -1.88 -1.90 -1.91 -1.95 -1.85

o13 014 015 016 o17 018 019 020 021 022 023 024
-1.88 -1.82 -1.87 -1.85 -1.85 -1.88 -1.95 -1.90 -2.06 -2.15 -1.97 -1.99

Furthermore, we calculated the MAPLE values (Madelung Part of Lattice En-
ergy) [161-163] for “Co;BgO,3(OH),” in order to compare them with MAPLE
values of the binary components CoO and the high-pressure modification B,0,-
I1. The foundation therefore is the additive potential of the MAPLE values, by
which it is possible to calculate hypothetical values for “Co;Bs0,5(OH),”, starting
from the binary oxides. Resultant we obtained a value of 109485 kJ-mol~! for
“Co3B30,3(OH),” in comparison to 111466 kJ-mol™! (deviation: 1.8%), starting
from the binary oxides (3 x CoO (4560 kJ-mol™') + 4 x B,O,-1I (21938 kJ-mol!)
+ 2 H,0O (hexagonal ice [326]) (5017 kJ-mol~1)).
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4.1.11 Closing Remarks to the Chapter Transition Metal

Borates

In the former chapters 4.1.3 — 4.1.10, the phases 3-MB,O, (M = Hf |230|, Zr [231]),
B-MB,O, (M — Mn, Co, Ni, Cu [261]), a-FeB,0, [285|, HP-NiB,0, [286], CdB,0,
[292]|, M;B,,0,,0H (M = Fe, Co), “Fe;B,0,,N”, and “Co,;B0,4(OH),” were pre-
sented. The results of 3-MB,O, (M = Hf [230], Zr |231]), 3-MB,O; (M = Mn,
Co, Ni, Cu [261]), «-FeB,0O, [285], HP-NiB,O, [286], and CdB,0O, [292] are pub-
lished in the meantime, whereas the phases “Fe;B;0,,N” and “CoyB;0,,(OH),”
are still under investigation. M;B,,0,,0H (M = Fe, Co) will be published in the
near future.

In the second part of this thesis, a summary concerning applications and prop-
erties of main metal borates. Subsequently, a survey of barium, bismuth, and

tin borates is given. Afterwards, the results of the high-pressure investigations

regarding the mentioned systems are discussed.
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4.2 Main Group Metal Borates

4.2.1 Introduction

Due to their superior NLO (Non Linear Optics) properties, borates are very in-
teresting materials used to generate new laser sources of frequencies, that cannot
be obtained directly from available lasers [351]. In contrast to other commonly
used NLO materials, such as KH,PO, (KDP; Figure 4.84 left), KTiOPO, (KTP),
and LiNdOj,, borates reveal improved features e.g. in UV and even VUV (vacuum
UV) applications because of their high UV transmittance at wavelengths down to
155 nm [351], combined with a high damage threshold. The most common bo-
rates for NLO applications can be found among the main group borates, namely
B-BaB,0O, (BBO) [13 15], LiB;O; (LBO) [16 19], o-BiB;O4 (BIBO, Figure 4.84
middle) [20-22], and CsLiB4O,, (CLBO; Figure 4.84 right) [23-26].

Figure 4.84: Crystals of KDP (left) [352], BIBO grown by Becker et al. (middle) [22], and
single crystal of CLBO grown by Mori et al. (right) [23].

There are also other main group borates, which are not that popular, exhibit-
ing excellent NLO properties. Examples are CsB;0; (CBO) [353], YCa,(BO;);0
(YCOB) [354], GdCa,(BO,);0 [355, 356], Gd,Y,,CaO(BO,); (GAYCOB) |26,
357, 358|, K,AlL,B,0, (KABO), Li,B,O, (LTB or LB4) |359], KB;O4 - 4 H,O (KB5,
the first described NLO borate) [360, 361], KBe,BO,F (KBBF), or Sr,Be,B,0,
(SBBO). The well known phases SrB,0, (SBO) [174, 175, 362] and PbB,0O, (PBO)
[175, 176, 363| are also attractive compounds for NLO applications. Unfortunately,
they are characterized by small birefringence, which makes phase-matching (and
therefore second harmonic generation) impossible. SBO shows a unique transmis-
sion in the UV region down to 130 nm, which makes it suitable for UV applications.
Because of its lack in phase-matching, SBO can be used under waveguide mode
synchronism or quasi-synchronism conditions [362]. PBO shows higher optical
nonlinearity and higher refractive indices relative to borates such as BBO or LBO,
what makes it a promising candidate for high-power electro-optic Q-switches or

modulators [363]. There is still high demand for new NLO materials, why much
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effort is made in this research area. For example the borate BaBiBO , was recently
synthesized by Barbier et al. |364]| showing second harmonic generation efficiency
about five times larger than KDP [365].

Further on, borates like Li,B,0,:Cu [366] and MgB,0O,:Dy,Na [367]| show ther-
mally stimulated luminescence (TSL) and are therefore used e.g. as phosphors
in thermoluminescence dosimetry. Also BaB,0, was investigated regarding its
TSL by different researchers in the last years [368-370]. The characteristics of
BaB,0,:Ce, reported by Yazici et al. [369], indicate that the material may be
a new promising phosphor for the use in ionizing radiation dosimetry. Li et al.
introduced a Dy-doped variant, namely BaB,0.:Dy, and proposed its potential as

a material for y-ray thermoluminescence dosimeter for clinical dosimetry [370].

Having this backround, we enlarged our research into the fields of main metal
borates, whereas basic research initially was the centre of our attention. Within
this work, the systems Ba B O, Bi B O, and Sn B O were investigated. In the

following a small introduction in this three systems is given.

Regarding former high-pressure/high-temperature studies on phase formation
and crystal chemistry of the alkaline earth tetraborates o-CaB,0O, [371] and SrB,0O;
[174, 175], we focused on the synthesis of a high-pressure phase
of BaB,O, [372] (in the following designated as
«-BaB,0,) (Figure 4.85). In the case of Ca?",
we gained the high-pressure phase (-CaB,0;

a ©
c/— *~

[173], whereas for Sr?" no high-pressure phase
could be synthesized until now. Under ambient
pressure, following barium borates have been
structurally well-characterized up to now: «-
BaB,0, (P2,/c) [372], «-BaB,O, (R3¢, high-
temperature form) [373], 3-BaB,O, (R3, low-
temperature form) [13], and Bay(BO,),(B,0;)
(P21212,) [374]. The following compositions are

mentioned in the literature as well, but are not Fi
igure 4.85: Crystal structure of -

specified structurally: Ba;B,Og [375], Ba,B,O,; BaB,O;.

|376], Ba,B,,0,;, [376], Ba,B,0O, [376], and

BaB,O,, [377).

In the system Bi-B-0O, primarily determined by Levin and McDaniel in 1962
|378|, the crystalline compounds Bi,;sBO,, (correctly Biy,B,044 [379] (boron-
sillenite)), Bi;B,04, BiyB;0,,, BiB;Og, and Bi,BgO,; were found. Later on,
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BiBO, was added as a metastable compound [380, 381|. The most prominent
compound in this system is bismuth triborate, BiB;04 [20-22] (BIBO), due to its
exceptional nonlinear optical properties [382], which raised the interest of many
research groups around the world. Meanwhile, BiB;0q is already well-established
as a nonlinear optical material with outstanding physical properties and further-
more characterized in detail concerning its piezoelectric, pyroelectric, dielectric,
elastic, and thermoelastic properties [383|. Recently, Li et al. synthesized two new
polymorphs of BiB;O4 under autogenous pressure at 240 °C in Teflon autoclaves
(50 em?® volume) [384]. For clarity, the authors renamed bismuth triborate as o-
BiB, 04 (Figure 4.86 top) and the two new modifications as (3- (Figure 4.86 bottom
left) and y-BiB;O4 (Figure 4.86 bottom right). In contrast to the a-phase, which
crystallizes in the non-centrosymmetric, monoclinic space group C2, these mod-

ifications crystallize with centrosymmetric symmetry in the space group P2;/n.

Figure 4.86: The three known modifications of BiB ;0.

Further on, several investigations were performed in the ternary system Sn-B-O
as a simplified variant of the tin-based amorphous composite oxides (TCO). This
material is used as negative electrodes of lithium ion rechargeable batteries. All
compounds in this system are glasses, so the synthesis of crystalline approximands

for a more detailed structural investigation would be favourable. In 1997, Idota et
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al. reported about a tin-based amorphous oxide, that could replace the carbon-
based lithium intercalation materials currently in use as negative electrodes of
lithium ion rechargeable batteries [27]. This tin-based amorphous composite ox-
ide (TCO) has the complex composition SnB 5Py 40Aly 4505 6, showing twice the
gravimetry and four times the volumetric capacity of carbon based materials. Un-
fortunately, this outstanding performance is counterbalanced by a large irreversible
capacity, which is lost during the first electrochemical cycle. Since the reasons are
not yet fully understood, several groups tried to clarify the mechanisms at sim-
plified variants of the TCO glasses. For example, Holland et al. investigated the
borate anomaly of the Sn(IT) environment in tin borate glasses of the general com-
position xSnO(1-x)B,0;, using B and '9Sn nuclear magnetic resonance (NMR)
spectroscopy [28]. In this system, the introduction of SnO into the boroxol ring
structure of B,0O, converts one symmetrically coordinated boroxol ring boron to
a BO,-tetrahedron, accompanied by changes of the environment of the neigh-
bouring threefold coordinated atoms. Due to the structural chemistry of Sn(II),
which is dominated by the steric activity of a lone pair, trigonal pyramidal SnO4
polyhedra can be found with the lone pair at one vertex, leading to a pseudo tetra-
hedron. The authors showed that the increase of SnO leads to less symmetrical
threefold-coordinated boron atoms, while the symmetry of the tin atoms becomes
more axial. Hayashi et al. investigated the structures of SnO-B,0; glasses by
various spectroscopic measurements, using solid-state NMR and X-ray photoelec-
tron spectroscopy [29]. Additionally, they successfully prepared xSnO(100-x)B,0,
(0 < x < 80) glasses by mechanical milling [30]. These investigations showed that
the composition dependence of T, for the milled glasses was similar to that of the
corresponding melt-quenched glasses. Geijke et al. presented a neutron diffrac-
tion study of SnB,0, glass, including a reverse Monte Carlo modelling, in which
an average 3—-3.5 fold coordination of boron gave an excellent agreement with the
experimental structure factors [31]. Concerning SnO, the authors suggested the
role of a network glass former (bridging between two neighboring borate units)
than simply as a network modifier. Another study on SnB, ,0, ,, using diffuse re-
flectance infrared spectroscopy, led to the conclusion, that this compound is mainly
built up from meta-borate groups, forming a network [32]. Furthermore, Gejke et
al. investigated the effect of lithium insertion/extraction in/out of SnB,0, and
Sn,B;04 5 glass electrodes by in situ '%Sn Mékbauer measurements [33]. They
were able to show that there was some disruption of the glass network during
the first cycle, which was responsible for a major part of the capacity loss. Re-
capitulating, several investigations have been performed until now in the ternary
system Sn-B-O as a simplified variant of the original TCO glass, in which all

known compositions are glasses without any exception. Although glasses are only
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partly comparable to crystalline compounds, the knowledge about possible struc-
tural building blocks and models of linkage inside the glasses can be enhanced by
crystalline approximands. Therefore, we started our investigations into the system
Sn—B-0, aiming at a crystalline tin borate by use of the parameter “pressure”. In
principle, pressure can induce amorphization or crystallization, depending on the
applied parameters in a specific chemical system [34, 35, 385-390]. Several reasons
for amorphization like thermodynamic melting and mechanical instabilities were
quoted. Meanwhile, it is established that the pressure-induced amorphization leads
to a kinetically preferred amorphous state in most systems. The progress of the
transformation to the high-pressure equilibrium state is presumably impeded by a
lack of thermal energy. Recently, the assumption of an intermediate state between
two thermodynamically stable states was confirmed by Zhang et al., showing that

the final equilibrium phases are independent of the starting materials [390].

As elaborated above, a lot of research activity was carried out concerning the
huge family of main metal borates. Noticably no investigations within the scope
of high-pressure experiments were conducted in this field of chemisty. There-
fore we concentrated our attention on the high-pressure behaviour of the systems
Ba-B-0O, Bi-B-0O, and Sn—B-0, which led us to the first high-pressure phases
within these systems. In the case of the elemental combination Sn-B-O we were
even able to synthesize the first crystalline ternary compound. In the following
the synthesis, structural charactarization, and description of the new high-pressure
phases 3-BaB,0-, 6-BiB;0g, and 3-SnB,0; are discussed.

4.2.2 Starting Materials

The starting materials for the adjacent syntheses were all air- and humidity-
resistant. The characterization of the crystalline materials was carried out wia
powder diffraction followed by a comparison with the ICSD-database, whereas
only crystalline impurities with a concentration over 3 % can be detected. The

used substances are listed in Table 4.61.

Table 4.61: List of used substances.

Substance State Source of Supply Purity ICSD-PDF
B,0, Granulate Strem Chemicals, New- 99.9 amorphous
buryport, USA
“Ba0” Powder Fluka Chemie AG, Buchs, p.a. [26-154],Ba(OH), - H,O
Switzerland [33-153], Ba(OH), -3H,0
Bi, 0, Powder Merck, Darmstadt extra pure [45-1344], [71-465]
SnO Powder Strem Chemicals, New- 99 [72-1012]

buryport, USA
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4.2.3 The Borate 3-BaB,0,

4.2.3.1 Synthesis

To synthesize the compound 3-BaB,O [391], high-pressure/high-temperature con-
ditions of 7.5 GPa and 1100 °C were applied (Equation 4.11), starting from stoi-
chiometric mixtures of Ba(OH,) (hydrolyzed oxide BaO; Fluka Chemie AG, Buchs,
Switzerland, p.a.) and B,O; (Strem Chemicals, Newburyport, USA, 99.9 %). The
starting materials were ground up and filled into a boron nitride crucible of an
18/11 assembly. At 1100 °C, ware is completely lost from the reaction mixture, so

the reaction can be formulated as follows:

Ba(OH,) + 2 B,0, % B-BaB,0, + H,0 (4.11)
The assembly was compressed to 7.5 GPa in 3 h and heated up to 1100 °C in
the following 10 min, kept there for 10 min, and cooled down to 500 °C in 90
min at constant pressure. Then, the sample was quenched to room temperature
by switching off the heating, followed by a decompression period of 9 h. After
this, the recovered octahedral pressure medium was broken apart and the sample
carefully separated from the surrounding graphite and boron nitride. (-BaB,0O-

was obtained as a colourless, air- and water-resistant, crystalline solid.

4.2.3.2 Crystal Structure Analysis

The powder diffraction pattern of 3-BaB,O, was obtained in transmission geome-
try from a flat sample using a STOE Stadi P powder diffractometer with monochro-
matized CuKg; radiation (A = 154.051 pm). The diffraction pattern was indexed
with the program TREOR [122 124] on the basis of an orthorhombic unit cell.
The lattice parameters (Table 4.62) were calculated from least-squares fits of the
powder data. The correct indexing of the pattern of 3-BaB,O, was confirmed by
intensity calculations, taking the atomic positions from the structure refinement
[121]. The lattice parameters, determined from the powder data and single crys-
tal data, fit well. Figure 4.87 compares the experimental powder diagram to the
powder pattern derived from the single crystal data. No additional reflections,
indicating a crystalline impurity, were found. Small single crystals of (3-BaB,0O-
were isolated by mechanical fragmentation and examined through a Buerger cam-
era, equipped with an image plate system (Fujifilm BAS-2500). Single crystal
intensity data of 3-BaB,0, were measured by means of an Enraf-Nonius Kappa
CCD with graded multilayer X-ray optics (MoK, radiation, A = 71.073 pm). Af-
terwards, a multi-scan absorption correction was applied to the data (SCALEPACK
[133]). According to the systematic extinctions 0kl with k& + | # 2n, hkQ with
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h # 2n, h00 with h # 2n, 0k0 with £ # 2n, 00/ with [ # 2n, the orthorhombic
space group Pmnb (No. 62) was derived. Structure solution and parameter re-
finement (full-matrix least squares against F?) were successfully performed using
the SHELX-97 software suite [135, 136|. Details of the data collection and struc-
ture refinement are listed in Table 4.62. The positional parameters, anisotropic

displacement parameters, interatomic distances, and interatomic angles are given
in Tables 4.63 4.66.
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Figure 4.87: Measured (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of 3-BaB,O;.
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Table 4.62: Crystal data and structure refinement of 3-BaB,O, (standard deviations in paren-
theses).

Empirical formula BaB,0;,
Molar mass/g-mol ! 292.58
Crystal system orthorhombic
Space group Pmnb
Powder diffractometer STOE Stadi P
Radiation CuKy; (A = 154.051 pm)
Lattice parameters from powder data
a/pm 1098.45(4)
b /pm 900.85(3)
¢/pm 430.34(2)
V/nm3 0.426
Single crystal diffractometer Enraf-Nonius Kappa CCD
Radiation MoK (A = 71.073 pm)
Single crystal data
a/pm 1099.4(2)
b/pm 901.7(2)
¢/pm 430.73(9)
V/nm3 0.427
Formula units per cell 7 =2
Temperature/K 293(2)
Calculated density/g-cm™3 4.55
Crystal size/mm? 0.04 x 0.02 x 0.02
Detector distance/mm 30
Scan time per degree/min 50
Absorption coefficient /mm ~* 9.28
F(000) /e 528
0 range /° 3.7-40.2
Range in hkl +19, -16/+14, £7
Total no. reflections 6549
Independent reflections 1377
Reflections with I > 20(I) 1273
Data/parameters 1377/59
Absorption correction multi-scan (SCALEPACK [133])
Goodness-of-fit (F?) 1.075
Final R indices (I > 20(I)) R1 = 0.0173
wR2 — 0.0395
R indices (all data) R1 = 0.0199
wR2 = 0.0406
Extinction coefficient 0.0055(4)

Largest diff. peak, deepest hole/e-A—3 1.708/-1.447
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Table 4.63: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
3-BaB,O, (space group Pmnb). Ueq is defined as one third of the trace of the orthogonalized
U;; tensor (standard deviations in parentheses).

Atom Wyckoff X y z Ueq
Position

Ba 4c 1/4 0.35283(2) 0.23024(3) 0.00641(4)
B1 8d 0.4995(2) 0.3425(2) 0.7207(3) 0.0050(2)
B2 8d 0.3738(2) 0.5894(2) 0.7942(3) 0.0051(2)
01 8d 0.46252(9) 0.1952(2) 0.8764(2) 0.0053(2)
02 4c 1/4 0.1345 (2) 0.7864(3) 0.0056(2)
03 8d 0.39475(9) 0.4362(2) 0.7049(2) 0.0057(2)
04 8d 0.3936(1) 0.6085(2) 0.1268(2) 0.0058(2)

Table 4.64: Anisotropic displacement parameters of 3-BaB,0, (standard deviations in paren-
theses).

Atom U1 Ua2 Uss Uas Uiz Uiz

Ba 0.00689(6)  0.00611(6)  0.00622(6)  0.00017(3) 0 0

B1 0.0052(5)  0.0047(6)  0.0050(5)  0.0000(4)  0.0001(4) -0.0005(4)
B2 0.0052(5)  0.0046(5)  0.0054(5)  -0.0001(4)  -0.0001(4)  0.0001(4)
01 0.0065(4)  0.0051(4)  0.0041(3)  0.0010(3) -0.0010(3) -0.0014(3)
02 0.0030(5)  0.0065(5)  0.0072(5)  -0.0012(4) 0 0

03 0.0056(4)  0.0042(4)  0.0074(4)  -0.0006(3)  -0.0006(3)  0.0012(3)
04 0.0062(4)  0.0074(4)  0.0038(3)  -0.0004(3)  -0.0007(3) -0.0016(3)

4.2.3.3 Crystal Structure Description

The crystal structure of 3-BaB,O- is composed of corner-sharing BO ,-tetrahedra,
interconnected to a network
isotypic to the mineral barylite
BaBe,Si,0; [392]. 2/7 of the
oxygen atoms link three tetra-
hedra (OB, while 5/7 connect
two tetrahedra (OP).  Fig-
ure 4.88 gives a view of [3-
BaB,0, along [001], showing
the network structure, which
is crossed by channels along
[001]. These channels are built

up from “Vierer” and “Sechser” Figure 4.88: Crystal structure of 3-BaB,O, with view
rings (a ring with four and along [001]. Ba®": yellow, B®": red, OF: blue, OB
reen.

six tetrahedral centres, respec- &
tively) [39].  Inside of the

“Sechser” ring channels, the cations are located, while the “Vierer” ring channels
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remain empty. The structure is closely related to the orthorhombic high-pressure
phases 3-MB,O, (M = Ca [173|, Hg [172], Sn [393]) and the ambient-pressure
phases MB,O, (M — Sr [174, 175], Pb [175, 176], Eu [177]), but shows a differ-
ent orientation of the tetrahedra. Figure 4.89 shows a comparison of the crystal
structures of 3-BaB,O, (left), 3-MB,O, (M = Ca [173|, Hg [172], Sn [393]), and
MB,O, (M = Sr [174, 175], Pb [175, 176], Eu [177]) (right) along [100]. In the
latter compounds, all tetrahedra point towards the left hand side ([001] direction).
This illustrates clearly that the structure of 3-MB,0O, (M = Ca [173|, Hg [172],

B-MB,O, (M = Ca, Hg, Sn)
MB,O, (M = Sr, Pb, Eu)

Figure 4.89: View of the crystal structure of 3-BaB,0O, along [100] (left) in comparison to the
crystal structure of 3-MB,0O, (M = Ca, Hg, Sn) and MB,O, (M = Sr, Pb, Eu) along [100]
(right). “Vierer” rings are labeled with their number of Ol atoms.

Sn [393|) and MB,O, (M — Sr [174, 175], Pb [175, 176], Eu [177]) is acentric.
By contrast, the BO,-network in (3-BaB,O, can be divided into layers, spreading
along the ac-plane, consisting of tetrahedra pointing either in the |001] or in the
[001] direction (Figure 4.89: different colours). The layers can be transformed into
one another by a centre of inversion. This can be considered as chemical twinning.
In this sense, 3-BaB,0O; can be regarded as the first centrosymmetric variant of
the compounds -MB,O, (M = Ca [173], Hg [172], Sn [393]) and MB,O, (M =
Sr [174, 175], Pb [175, 176], Eu [177]). An examination of the linkage of the layers
leads to a different connection between the borate-layers. The generated “Vierer”
rings (a ring with four tetrahedral centres) [39] show unequal numbers of three-
fold coordinated oxygen atoms OPl. Thus, B-BaB,O, reveals “Vierer” rings, which
alternating exist of two and zero OP! atoms, whereas 3-MB,0, (M = Ca [173],
Hg |172], Sn [393]) and the ambient-pressure phases MB,O, (M = Sr [174, 175|,
Pb [175, 176], Eu [177]) show only rings with one OFl atom. In Figure 4.89 the



4.2 Main Group Metal Borates 155

rings are marked with the quantity of threefold coordinated oxygen atoms (orange
numbers). Interestingly, the both polymorphs of BaBe,Si,O, barylite [392] and
clinobarylite [394] show the same relationship as exist between (-BaB,O. and {3-
MB,O; (M = Ca [173], Hg [172], Sn [393]) as well as MB,O, (M = Sr [174, 175],
Pb 175, 176], Eu [177]). This is another impressive example for the chemical

connection between borates and silicates.

Figure 4.90 gives a view of the coordination of the barium cations along [100],
which are positioned inside of the “Sechser” ring channels. The Ba cations are
coordinated by 16 oxygen atoms in the range of 270-338 pm with a mean value
of 297.6 pm. This is in accordance with the pressure-coordination rule, consider-
ing the coordination numbers of 10 for Bal (261-334 pm) and 11 for Ba2 (272 —
340 pm) in «-BaB,O; [372]. These coordination numbers are derived by ECoN
calculations (Effective Coordination Numbers according to Hoppe) [161, 162| cal-
culated with the program MAPLE [163|. The coordination numbers published by
Block and Perloff [372] are not consistent with those received through ECoN calcu-
lations. Block and Perloff considered the coordinative spheres to be 9 for Bal and
10 for Ba2. The 10" and 11*" oxygen atoms in the coordination spheres of Bal
and Ba2, respectively, exhibit a difference in their Ba—O distance to the former
oxygen atom of ca. 25 pm (Bal) and 28 pm (Ba2). This is remarkably larger than
the other differences in the Ba O bond lengths, which range between ca. 1 and
12 pm. However, the 10"* oxygen atom bonding to Bal and 11
bonding to Ba2 show contributions of 0.126 and 0.224 in the ECoN calculation,

respectively. A consideration of the next oxygen atoms in the coordination spheres

oxygen atom

reveals differences in the Ba-O distances of 35 pm for the 11** atom bonding to
Bal and 68 pm for the 12/* atom bonding to Ba2. A comparison of the coordina-
tion of the cations in B-BaB,O, and 3-CaB,0O, discloses the different coordination
numbers of 16 for Ba and 15 for Ca. This is caused by the different orientation
of the BO,-tetrahedra in the crystal structures of both compounds. The differ-
ence gets visible in Figure 4.90, where the regarded Ba O bond is marked in red.
The other well characterized
barium borates show smaller
coordination numbers for the
Ba atoms. In «-BaB,O,, as
well as in B-BaB,O, [13], Ba*"

is coordinated by 8 oxygen

atoms in the range of 261

303 pm and 249-367 pm, re-
Figure 4.90: Coordination of Ba?" (left) and Ca?"

(right) in B-BaB,O; and p-CaB,0O,, respectively. Red spectively.  Bag (BOj),(B,05)
spheres represent B, blue spheres Q%! and green spheres [374] exhibits Ba2t in seven-
OBl
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and eightfold coordination, with a distance range between 251-310 pm. In the
two crystallographically distinguishable BO ,-groups inside of the structure of f3-
BaB,0O,, the B-O distances vary between 142-158 pm with an average value of
148.6 pm, which is slightly higher than the known average value of 147.6 pm for
B-O bonds in tetrahedral BO,-groups [232, 233|. This is caused by the linkage
of the BO,-tetrahedra wvia threefold coordinated oxygen atoms. The B-OB! dis-
tances reveal a mean value of 156 pm, which is in agreement with the distances

in other borates, revealing threefold coordinated oxygen atoms, e.g. (3-MB,0O;

(M = Mn [261], Co, Ni [261], Cu [261], Zn [171]), B-RE(BO,); (RE = Nd, Sm,
Gd Lu) [262 264], y-RE(BO,); (RE — La Nd) [265, 266|, and minerals like tun-
nelite (SrBgzO4(OH),-3H,0), strontioginorite ((Sr,Ca),B,,0,,(OH)4-6H,0) [267],
aristarainite (Na,Mg|B;O4(OH),|,-4H,0) [268|, and the high-pressure modifica-
tion of B,0, [82]. The angles O B O range from 106.4 to 120.4° with a mean

value of 109.5°.

Table 4.65: Interatomic distances/pm in 3-BaB,O, (space group Pmnb) calculated with the
single crystal lattice parameters (standard deviations in parentheses).

Ba-03 269.8(1) 2x  B1-04 141.7(2) B2-03 145.2(2)
Ba-02 274.4(2) B1-03 143.0(2) B2-04 145.9(2)
Ba-04 278.0(2) 2x  B1-Ola 154.2(2) B2-02 146.2(2)
Ba-04 283.0(2) 2x  B1-O1b 157.8(2) B2-01 155.0(2)
Ba-03 286.7(2) 2x O = 149.2 O = 1481
Ba-02 310.0(2)
Ba-O1 313.1(2) 2x  O1-Bla 154.2(2)
Ba-01 325.2(2) 2x  O1-B2 155.0(2)
Ba-02 328.4(2) 01-B1b 157.8(2)
Ba-02 337.7(2) O = 155.7

@ = 297.6

Table 4.66: Interatomic angles/® in 3-BaB,O, calculated with the single crystal lattice param-
eters (standard deviations in parentheses).

04-B1-Ola  106.4(2) 04-B2-01 107.4(2) B2-01-Bla  118.7(1)
04-B1-O1b  106.6(1) 02-B2-01 107.6(2) B1b-O1-B2  119.3(1)
O1a-B1-O1b  107.0(1) 04-B2-02 109.8(2) Bla-O1-Blb  121.65(8)
03-B1-Ola  107.2(1) 03-B2-04 110.4(2) O =119.9
03-B1-O1b  108.5(2) 03-B2-02 110.5(2)
04-B1-03 120.4(2) 03-B2-01 111.1(2)

O = 109.4 0 = 109.5

4.2.3.4 Thermal Behaviour

In situ X-ray powder diffraction experiments were performed on a STOE Stadi
P powder diffractometer (MoK, radiation (A = 71.073 pm)) with a computer

controlled STOE furnace. The sample was enclosed in a silica capillary and heated
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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 (heating rate: 50 °C/min). After each heating step, a diffraction
pattern was recorded over the angular range 6°< 20 < 30°. Figure 4.91 shows that
3-BaB,O; is stable up to a temperature of 800 °C and transforms into an X-ray

amorphous phase between 800 and 850 °C.
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Figure 4.91: In situ X-ray powder patterns of 3-BaB,O.

4.2.3.5 Theoretical Calculations

Bond-valence sums for (3-BaB,0, were calculated with the help of bond-length/
bond-strength [164, 165] and CHARDI (X V') [167] concepts (see Table 4.67). The
formal ionic charges of the atoms, acquired by X-ray structure analysis, were in
agreement within the limits of both concepts, except for the threefold coordinated
oxygen atom O1 and Ba?'. The oxygen atom O1 shows a reduced value of -
1.71 (@) in the CHARDI concept. Similar deviating values for OBl atoms are
obtained in -SnB,0O, (-1.92 (X¥V); -1.93 (XQ)) [393], p-CaB,0O, (-1.92 (XV);
-1.77 (2Q)) [173], B-HgB,O, (-2.06 (XV); -1.83 (£Q)) [172], and p-ZnB,0, (1.83
(2V); 1.67 (XQ)) [171]. Ba®" shows a heightened value of +2.96 (£Q) in the
bond-length /bond-strength concept. This presumably results in the high coor-
dination (C. N. — 16) of the barium cation. On the other hand, the CHARDI
calculation for Ba®" with ¥Q = +1.95 fits well to the expected value of +2.
Furthermore, we calculated the MAPLE values (Madelung Part of Lattice En-
ergy) [161 163] for 3-BaB,0, in order to compare the results with MAPLE values
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Table 4.67: Charge distribution in $-BaB,O, calculated with the bond-length/bond-strength
concept (X V) and the CHARDI concept (XQ).

Ba B1 B2 01 02 03 04
XV + 296 + 2.94 + 2.99 -2.01 -2.09 -2.20 - 217
Q@ + 195 + 3.04 +2.99 -1.71 -1.95 - 215 - 2.16

of the binary components BaO (Fm3m [395|) and the high-pressure modification
B,0,-11 [82]. The calculated value (47599 kJ-mol~!) for -BaB,0, and the MAPLE
value obtained from the sum of the binary oxides (47396 kJ-mol™!) tally well (de-
viation 0.4 %). A comparison to the a-modification of BaB,O, provides a MAPLE
value of 47496 kJ-mol~! (deviation 0.2 %).

4.2.3.6 DFT Calculations

Structural optimizations, total energies, and properties were calculated within den-
sity functional theory (DFT) [154], for which the Vienna ab-initio Simulation Pack-
age (VASP) was used. It combines the total energy pseudopotential method with
a plane-wave basis set [155 157|. The electron exchange and correlation energy
is treated within the general gradient approximation (GGA) [158| to approximate
the electron exchange and correlation energy. The utilized pseudopotentials were
based on the projector-augmented-wave (PAW) method [159]. The cut-off energy
for the expansion of the wave function into the plane wave basis set was 500 eV.
Residual forces were converged below 5-1073 eV/A. The Brillouin-Zone integration
was carried out via the Monkhorst-Pack scheme [160].

The choice of the GGA functional is based on the experience that it significantly
better describes relative energies of structures with different coordination of the
atoms. Since our target is to study structures and structural transformations at
high pressures, it is the better choice in comparison to the local density approxima-
tion (LDA). Therefore, though we controlled all our calculations within the LDA as
well, all enthalpy differences and transition pressures given are based on GGA cal-
culations. Structure optimizations for -BaB,O, |372|, 3-BaB,0O,, and BaB,0; in
the 3-CaB,0, [173] structure were done by relaxing all internal parameters as well
as cell parameters and the unit cell volume. The unit cell of «-BaB,O; contains 96
atoms (8 formula units). The structure was computed using the conventional unit
cell and a k-point mesh of 4x4x4. The unit cell of 3-BaB,O, contains 48 atoms
(4 formula units). A k-point mesh of 4x4x8 was used for optimization. The unit
cell of B-CaB,O, comprises 24 atoms (2 formula units). Calculations were done
in the conventional unit cell. A k-point mesh of 4 x8x8 was employed.

To obtain the bulk modulus, the volume is varied around the zero pressure

volume Vg and the calculated energies are fitted to Murnaghans, Birchs, and Vinets
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Equation of State (EOS) [396-399]. The E-V diagrams can be transformed easily
to give enthalpy versus pressure diagrams. To get the pressure p from the E-V
graph a simple numerical differentiation of a spline fit and Murnaghans, Birchs, and
Vinets EOS is employed: p =-0E/JV. After conversion into H-p data the obtained
data from different fitting procedures resulted in virtually the same transition
pressures. For reasons of simplicity, all figures and values given in this work are
derived from evaluation by Murnaghans EOS.

The enthalpy H is calculated via H = E + pV. In equilibrium a system will
adopt the structure with the lowest free energy G. A phase transformation is
therefore governed by the difference of free enthalpy: AG — AE + pAV - TAS.
The contribution of the entropy is usually neglected, due to the small difference in
entropy between solid state crystal structures and the comparably larger changes
of AH within 1 GPa of pressure change. Therefore, AH — AE + pAYV is a good
measure to compare the relative stability of solid state structures under pressure.

The calculated unit cell parameters and equilibrium volumes for x-BaB,O, as
well as for (3-BaB,O, accord well with the experimental values. No particular
bond lengths or any significant distortion of the structure have been observed.
Detailed data on structure optimizations of a-BaB,O; and 3-BaB,O, compared

to experimental data are given in Table 4.68.

Table 4.68: Structure optimization of x-BaB,0; and 3-BaB,0.

«-BaB,0, GGA B-BaB,0, GGA

Space group P2, /¢ (No. 14, monoclinic) Pmnb (No. 62, orthorhombic)
a / pm 1056(1) 1072.24 1099.4(2)  1110.25

b / pm 820(1) 839.06 901.7(2) 909.38

¢/ pm 1301(1) 1313.73 430.73(9)  434.50

B/° 104.95(17)  104.80

V / 10% pm? 1088(20) 1142.69 427 438.69

V fu. /105 pm? 136 142.84 107 109.67

5/ gem™3 3.57 3.40 4.55 4.43

The structure of 3-CaB,O, [173] was also considered as a candidate for BaB,O..
The Ca®" ions in 3-CaB,0; are coordinated by 15 oxygen ions, whereas the Ba?"
ions for the hypothetical BaB,O; in the 3-CaB,O, structure are coordinated by 16
oxygen atoms (coordination numbers for M?** confirmed by ECoN [162], calculated
with MAPLE [163]). A comparison of the lattice parameters of 3-CaB,0O, and
BaB,O; in the 3-CaB,O; structure is given in Table 4.69. The calculated bond
lengths for BaB,O, in the 3-CaB,0O; structure are all in the range of those in «-
and -BaB,O; (Table 4.70).

A comparison of the densities and ground state energies of the three considered
BaB,0O; structures shows that — as expected — the ambient pressure phase o-

BaB,0, has the lowest density (§ — 3.57 g-em™! (experimental); 3.40 g-cm™!
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Table 4.69: Structure optimization of BaB,O; in the 3-CaB O, structure.

B-CaB,0, BaB,0, GGA

space group Pmn?2; (No. 31, orthorhombic)

a / pm 1058.4(1) 1105.54

b / pm 436.94(10) 455.88

¢ /pm 419.35(10) 434.34

V / 10° pm? 193.93(7) 218.90

Viu. / 10% pm3 96.97 109.45

5/ grem™3 3.34 4.44

Table 4.70: Bond lengths/pm in BaB, 0, in the 3-CaB,0, structure compared to values of «-
and 3-BaB,0O;.

x-BaB,O, -BaB,O, B-CaB,O, structure

BaB,O; GGA
Ball®-1_0  260.9-340.3 Bal'l-0  269.8-337.7 Ball®l-0  268.96-346.23
BBA4QO 129.6-153.1 BM-O 141.7-157.8 BM-O 142.22-159.33
OBl-B / OPLB  154.2-157.8 OPlB  155.94-159.33
0ol2l.B 129.6 153.1 0[2.B 141.7 146.2 0l.B 142.22 147.06

(calculated)) and energy (-95.4121 eV per formula unit). The next denser structure
is that of B-BaB,O, (6§ = 4.55 g-em™! (experimental); 4.43 g-cem™! (calculated)),
with an energy per formula unit of -95.1080 eV. BaB 0 in the 3-CaB,0O; structure
comes out even denser (& = 4.44 g-cm™! (calculated)). The energy of BaB,O; in
the 3-CaB,O, structure in its ground state is 0.3146 eV per formula unit higher
with respect to a-BaB,O; and 0.0105 eV with respect to (3-BaB,0O,. However,
while the difference in density and energy for a-BaB,O, and (3-BaB,0O; is quite
large (0.3041 eV), it is very small for 3-BaB,O, and BaB,O, in the 3-CaB,0,
structure, coming up against limiting factors of accuracy attainable for energy
differences. The bulk modulus of x-BaB,0; has been calculated to 51 GPa, of
-BaB,O; to 159 GPa and of BaB,0O; in the 3-BaB,O, structure to 154 GPa.

In Figures 4.92 and 4.93, the E-V curves of the three structures of BaB,0; are
shown, from which the enthalpy as a function of pressure is extracted, as depicted
in Figure 4.94. Accordingly, the transition pressure of x-BaB,O, to (3-BaB,0;
is calculated to 1.5 GPa. At 7.5 GPa the enthalpy of BaB,O; in the (3-CaB,0,
structure becomes more favourable than that of 3-BaB,0O-, so that we tentatively

propose BaB,O; in the (3-CaB,0; structure as its second high-pressure phase.
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Figure 4.92: E-V diagram for all three considered phases of BaB,0, (Red curve: «-BaB,0O,,
blue curve: (3-BaB,0,, green curve: BaB,O; in the $-CaB,0, structure).
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Figure 4.94: Enthalpy-pressure diagram for the transition of «-BaB,O, into 3-BaB,0, (p: —
1.5 GPa) and of 3-BaB,0O, into BaB, O, in the 3-CaB,0; structure (p; — 7.5 GPa)(Murnaghan
EOS evaluation).
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4.2.4 The Borate 5-BiB;0,

4.2.4.1 Synthesis

According to Equation 4.12, the starting materials for the synthesis of 8-BiB;0O
[400] were stoichiometric mixtures of Bi,O, (Merck, Darmstadt, extra pure) and
B,0; (Strem Chemicals, Newburyport, USA, 99.9%).

Bi, O, + 3 B,0, % 25—BiB,0, (4.12)
The mixture (~120 mg) was filled into a cylindrical boron nitride crucible of an
18/11 assembly. The arrangement was compressed within 120 min to 5.5 GPa and
heated to 820 °C in the following 10 min. After holding this temperature for 5 min,
the sample was cooled down to 500 °C in another 15 min and then quenched to
room temperature by switching off the heating. After decompression (6 h), the re-
covered experimental octahedron was ruptured and the sample carefully separated
from the surrounding boron nitride. The air- and humidity-resistant compound
d-BiB;O4 was obtained as a coarsely-crystalline, colourless solid. Systematic in-
vestigations of the minimal pressure for the synthesis of 6-BiB;O4 revealed a value
of 3 GPa. Therefore, it should be experimentally possible, to grow large sin-
gle crystals under high-pressure conditions for a detailed characterization of their

nonlinear optical properties.

4.2.4.2 Crystal Structure Analysis

Powder diffraction was accomplished by a STOE Stadi P powder diffractometer
with monochromatized CuK,; radiation in transmission geometry (flat sample).
The diffraction diagram was indexed with the program TREOR [122 124] on the
basis of an orthorhombic unit cell. Based on least-squares fits of the powder data,
the lattice parameters (Table 4.71) were calculated. The correct indexing of the
pattern was confirmed by intensity calculations [121], taking the atomic positions
from the refined crystal structure data. The lattice parameters derived from the
powder data and single crystal data accord. Figure 4.95 shows the experimental
diffraction pattern of 6-BiB;Og, compared to the theoretical pattern calculated
with the single crystal data. Additional reflections, marked with asterisks in Figure
4.95, belong to (an) undefined byproduct(s). Variation of temperature or pressure
did not succeed in pure samples until now.

Single crystals of d-BiB;O4 were isolated by mechanical fragmentation and ex-
amined through a Buerger camera, equipped with an image plate system (Fujifilm
BAS-2500) in order to check suitability for an intensity data collection. Single

crystal intensity data of §-BiB;O4 were measured with an Enraf-Nonius Kappa
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Figure 4.95: Experimental and simulated (single crystal data) powder diffraction patterns of
5-BiB;0g4. Reflections of unknown byproduct(s) are marked with asterisks.

CCD diffractometer (MoKy; A — 71.073 pm). A multi-scan absorption correction
was applied to the data (SCALEPACK [133]). According to the systematic extinc-
tions h0l with h = [ # 2n, h00 with h # 2n, and 00! with [ # 2n, the space groups
Pca2; (No. 29) and Pbem (No. 57) were derived. The non-centrosymmetric group
Pca2, was found to be correct during the refinement. This was confirmed with
the ADDSYM routine of the program PLATON [139|. Supplemental, an ungraded
powder sample of d-BiB;04 was subjected to a qualitative powder SHG measure-
ment, using the method reported by Kurtz & Perry [401]. KDP (grain size 125
— 185 um) was used as reference material. The observed intensities of the second
harmonics generated by d-BiB;04 and by KDP were nearly equal, thus corroborat-
ing the non-centrosymmetry of 5-BiB;O and signalizing a considerable SHG effect
of the measured sample [402]. Structure solution and parameter refinement (full-
matrix least squares against F'?) were successfully performed using the SHELX-97
software suite [135, 136]. Table 4.71 lists details of the data collection and struc-
ture refinement. The positional parameters, anisotropic displacement parameters,

interatomic distances, and interatomic angles are given in Tables 4.72-4.75.
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Table 4.71: Crystal data and structure refinement of 6-BiB;O4 (standard deviations in paren-
theses).

Empirical Formula BiB;0g4
Molar mass/g-mol 337.41
Crystal system orthorhombic
Space group Pca2,
Powder diffractometer STOE Stadi P
Radiation CuKy; (A = 154.051 pm)
Powder data
a/pm 1844.56(5)
b/pm 444.79(2)
¢/pm 427.81(2)
V/nm3 0.351
Single crystal diffractometer Enraf-Nonius Kappa CCD
Radiation MoK (A = 71.073 pm)
Single crystal data
a/pm 1844.8(4)
b/pm 444.95(9)
c/pm 428.06(9)
V/nm? 0.352(2)
Formula units per cell 7Z =14
Temperature/K 293(2)
Calculated density/g-cm ™3 6.378
Crystal size/mm3 0.042 x 0.03 x 0.021
Detector distance/mm 30
Exposure time per plate/min 70
Absorption coefficient /mm ~* 50.11
F (000) /e 584
0 range/* 3.134-37.785
Range in hkl +3, 7, &7
Total no. reflections 6356
Independent reflections 1866 (R,: = 0.0605)
Reflections with T > 20(I) 1736 (R — 0.0467)
Data/parameters 1866,/92
Flack-Parameter -0.01(2)
Absorption correction multi-scan (SCALEPACK [133])
Goodness-of-fit (F?) 1.057
Final R indices (I > 2 o(I) ) R1 — 0.0276
wR2 — 0.0643
R indices (all data) R1 = 0.0304
wR2 = 0.0664
Extinction coefficient 0.0076(5)

Largest diff. peak, deepest hole/eA‘3 4.078/-4.180
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Table 4.72: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
5-BiB; 04 (space group Pca2;; all Wyckoff site 4a). Uegq is defined as one third of the trace of
the orthogonalized Uj; tensor (standard deviations in parentheses).

Atom X y z Ueq

Bi 0.837945(8) 0.15740(3) 0.7024(2) 0.00650(7)
B1 0.7883(2) 0.3102(7) 0.1578(8) 0.0061(7)
B2 0.9277(3) 0.673(2) 0.146(2) 0.0044(9)
B3 0.0023(3) 0.176(2) 0.114(2) 0.0055(9)
01 0.7883(2) 0.3102(7) 0.1578(8) 0.0061(7)
02 0.9394(2) 0.3611(8) 0.070(2) 0.0068(6)
03 0.8543(2) 0.7597(9) 0.0338(8) 0.0051(5)
04 0.7242(2) 0.7487(8) 0.9867(9) 0.0057(6)
05 0.0679(2) 0.2639(9) 0.9753(9) 0.0070(6)
06 0.9821(2) 0.8705(7) 0.9726(9) 0.0048(6)

Table 4.73: Anisotropic displacement parameters of §-BiB;Og (standard deviations in paren-
theses).

Atom Un Uao Uss Uas Uis Uiz

Bi 0.00793(9)  0.00577(9)  0.00581(9)  0.0003(2)  0.0008(2) -0.00012(4)
Bl 0.005(2) 0.002(2) 0.003(3) 0.002(15) -0.001(2)  -0.000(2)
B2 0.005(2) 0.006(2) 0.002(2) 0.000(2)  -0.002(2)  -0.001(2)
B3 0.005(2)  0.007(2)  0.005(2) 0.001(2)  -0.001(2)  -0.002(2)
01 0.009(2) 0.005(2) 0.004(2) 0.001(2)  0.002(2)  0.0002(9)
02 0.009(2) 0.005(2) 0.007(2) 0.002(2)  -0.002(2)  0.000(2)
03 0.004(2) 0.007(2) 0.005(2) 0.001(2)  -0.001(2)  0.002(2)
04 0.004(2) 0.009(2) 0.005(2) 0.002(2)  0.001(2)  0.001(2)
05 0.008(2)  0.009(2)  0.005(2) 0.001(2)  0.001(2)  0.000(2)
06 0.008(2) 0.004(2) 0.003(2) 0.001(2)  0.002(2)  -0.000(2)

4.2.4.3 Crystal Structure Description

The crystal structure of 5-BiB;0 is exclusively built up of BO,-tetrahedra sharing
common corners to form layers (Figure 4.96, blue polyhedra), that are shifted
by a c-glide plane. These layers are interconnected wvia zigzag chains of BO,-
groups (red polyhedra in Figures 4.96 and 4.97), forming a network structure
with channels of “Sechser” rings along [010] and “Zehner”- rings [39] along [001],
containing the metal cations. Inside of the layers, the green spheres represent
threefold-coordinated oxygen atoms (OPl; 1/6 of all oxygen atoms). Within the
zigzag chains, only twofold coordinated oxygen atoms are found. This structure
type was recently discovered by Huppertz et al., realized in the high-pressure
compounds y-RE(BO,); (RE = La-Nd) [265, 266|. Drawing a comparison to
other borate phases, a similarity to the well characterized high-pressure phases
B-CaB,O, [173], p-HgB,O, [172], and B-SnB,O; [393], as well as to the ambient-
pressure phases SrB,O, [174, 175|, PbB,O, [175, 176], and EuB,O, [177| can be
found. Both structure types exhibit topologically identical borate layers, but a
different connection of them. While the layers are directly linked in MB,O, (M —
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St [174, 175], Pb [175, 176], Eu [177]), and B-MB,0, (M = Ca [173], Hg [172], Sn
[393]) through a mirror plane, the layers in y-RE(BO,); (RE = La-Nd) [265, 266]

are associated wvia zigzag chains.
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Figure 4.96: Crystal structure of 3-BiB;O4 with a view along [010]. Blue tetrahedra show
layers connected via zigzag chains (red tetrahedra). Yellow spheres represent Ba 2+ red spheres
B3", blue spheres O, and green spheres OBl

Figure 4.97: Crystal structure of 5-BiB;O4 with view along [001]. Blue tetrahedra show layers
connected via zigzag chains (red tetrahedra). Yellow spheres represent Bi**, red spheres B*",
blue spheres (O?!), and green spheres (O[]).

Although the topology of the BO,-tetrahedra is nearly identical, a remarkable
difference in the coordination of the metal cations exists. For example in -
Ce(BO,);, the Ce®" ions are coordinated by 10 oxygen atoms (239 — 303 pm),
while the Bi®*" ions in 8-BiB;O, exhibit only a seven-fold coordination (226 —
273 pm) (Figure 4.98). To point out the difference in the coordination inside the
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structures of the mentioned phases, the bonds representing the difference are high-
lighted red in Figure 4.98 (right). The reason for the different coordination of the
Bi®" ions, compared to the Ce®" ions, is the sterically active lone pair localized

at Bi*t.

Figure 4.98: Com-
parison of the coordi-
nation of the cations
in 8-BiB;O4 and -
Ce(BO,);.

A comparison between -, -, and y-BiB;O4 shows an increasing density
(o 5.033; B: 5.411; y: 6.177 g-em™3), which runs parallel with a transforma-
tion of BO4 into BO, groups. In a-BiB;Og, the ratio of BO4:BO, is 2:1, changing
to 1:2 in (3-BiB;0y, followed by the exclusive occurrence of BO ,-tetrahedra in -
BiB;O4. As expected, the new high-pressure phase d-BiB;O; exhibits a denser
structure (6.378 g-cm™3), compared to the y-modification prepared under auto-
genous pressure at 240 °C in Teflon autoclaves (50 cm?® volume)[384]. As the
coordination of the oxygen atoms is identical in both structures (fraction of O
1/6), the bismuth coordination was examined. In fact, ECoN calculations (Effec-
tive Coordination Numbers according to Hoppe) [161-163] for 5-BiB;Oj exhibit
sevenfold coordinated Bi®*" ions (226 273 pm) in contrast to sixfold coordinated
Bi®" ions in y-BiB;Og (216-267 pm).

Table 4.74: Interatomic distances/pm in §-BiB;O4 (space group Pca2;) calculated with the
single crystal lattice parameters (standard deviations in parentheses).

Bi-Ola 225.9(4) B1-01 145.4(6) B3-05 140.5(7)
Bi-O3 228.8(4) B1-Oda 146.8(7) B3-02 143.7(7)
Bi-O4 234.0(4) B1-03 147.1(7) B3-06a 153.4(6)
Bi-O1b 243.3(4) B1-O4b 148.1(7) B3-06b 157.4(7)
Bi-Olc 259.5(4) O — 146.9 O — 1488
Bi-02 260.6(4) B2-02 144.1(6) 06-B3a 152.6(7)
Bi-O5 273.4(4) B2-05 144.1(6) 06-B2 153.4(6)
@ — 246.5 B2-03 148.8(7) 06-B3b 157.4(7
B2-06 152.6(7) O — 154.5
1
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Table 4.75: Interatomic angles/® in 5-BiB;Oy, calculated with the single crystal lattice para-
meters (standard deviations in parentheses).

04a-B1-O4b  105.2(4) 03-B2-06 107.1(4) 02-B3-06a  105.0(4)
03-B1-Oda  109.3(4) 02-B2-03 108.2(4) 05-B3-06a  106.8(4)
01-B1-Oda  109.4(4) 05-B2-03 108.4(4) 05-B3-06b  107.0(4)
01-B1-03 110.3(4) 05-B2-06 109.1(4) 06a-B3-06b  108.3(4)
04b-B1-03  110.9(4) 02-B2-06 110.3(4) 02-B3-O6a  110.7(4)
O1-B1-O4b  111.6(4) 05-B2-02 113.6(4) 05-B3-02 118.7(4)
@ — 109.5 @~ 109.5 @~ 109.4

4.2.4.4 Thermal Behaviour

Thermoanalytical investigations, using temperature-programmed X-ray powder
diffraction patterns of d-BiB;0, showed that the compound is stable up to 700 °C.
Between 700 and 750 °C, the phase transforms into an X-ray amorphous compound
(Figure 4.99).
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Figure 4.99: Temperature-programmed diffraction patterns of 8-BiB;0g, showing the transfor-
mation into an X-ray amorphous phase.

These results are in agreement with the DTA-TG measurements, which exhibit
a broad endothermic effect with an onset of 709 °C (Figure 4.100). Subsequent
cooling to room temperature did not succeed in obtaining any crystalline phase

under ambient pressure conditions.
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Figure 4.100: DTA-TG curves of 6-BiB;0Oy.

4.2.4.5 Vibrational Spectroscopic Investigations

A FTIR spectrum of 6-BiB;O, was obtained at room temperature by using a
Bruker IFS 66v/S spectrometer with DTGS detector. The sample was thor-
oughly mixed with dried KBr (5 mg of the sample, 500 mg of KBr). The prepa-
ration procedure was performed in a glovebox under dried argon atmosphere.
The spectrum was collected in a range from 400 to 4000 cm~! with a resolu-

tion of 2 em~1.

During the measurement, the sample chamber was evacuated.
Figure 4.101 shows the section 400—

4000 cm™! of the infrared spectrum

of 8-BiB;O4 (green) and the spectrum
of the isotypic high-pressure phase y-
CeB;04 (blue). A comparison of the

two spectra confirms the strong struc-

Transmission / a.u.

tural similarities of both phases, be-

cause the absorptions of both com- i

pounds are nearly identical. The spec- -
T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”

tra show strong absorptions of the BO,-

tetrahedra between 800 and 1150 cm™*
. Figure 4.101: Infrared spectra of y-CeB;0

as in YBO;3;, GABO;, or TaBO, [403  (blue) and 5-BiB,0, (green).

405|. Additionally, a strong absorption

at 1261 cm ™! was observed, which is typical for triangular BO,-groups as in LaBO,

[406, 407] or Eu,B,0O4 [408]. Since BOs-groups are missing in 8-BiB;0y, the ab-
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sorptions can be assigned to the corresponding OB;-vibrations. Analogous geo-
metrics and similar force parameters in the OB;-group recommend this assign-
ment, because it is also valid e.g for p-ZnB,0, [171], B-CaB,O, [173], and the
high-pressure phase B,0;-11 [82]. The existence of three crystallographically in-
dependent BO,-units in the network structure of 5-BiB;O4 in combination with
OB;-groups renders a detailed assignment of the broad bands difficult. Vibrational

bands due to OH groups or water were not detectable.

4.2.4.6 DFT Calculations

Self-consistent DF'T band structure calculations were performed by the LMTO-
method in its scalar-relativistic version (program TB-LMTO-ASA). Detailed de-
scriptions are given in [149, 150]. Reciprocal space integrations were performed
with the tetrahedron method [151], employing 273 irreducible k-points from 845
(grid 5 x 13 x 13). The basis set consisted of Bi-6s/6p/{6d/5f}, B-2s/2p{3d}, and
0-{2s}2p{3d}. Orbitals given in parentheses were downfolded [409]. In order to
achieve space filling within the atomic sphere approximation, interstitial spheres
were introduced. A three dimensional grid of the charge density and electron lo-
calization function (ELF) [152, 153] were calculated. In the density functional
theory, ELF depends on the excess of local kinetic energy due to the Pauli prin-
ciple 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.

Figure 4.102: Left:
Coordination sphere
of Bi®" in the crys-
tal structure of -
BiB;Og4; right: the
lone pair at the Bi®"
ion visualized by the
electron localization
function (ELF) (Iso-
surface value ELF =
0.9).

In order to analyze the conspicuous lone pair behaviour of 8-BiB;04, we cal-
culated the band structure and the electron density distribution. Figure 4.102
displays the coordination of the bismuth atoms in 6-BiB;Oy, decorated with an
ELF isosurface of ELF = 0.9. The lone pair at the bismuth atom is clearly visible

and points toward the “empty” space above the atom.
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4.2.4.7 Theoretical Calculations

Calculation of bond-valence sums for 8-BiB;Og with the help of bond-length /bond-
strength (X V) [164, 165] and CHARDI (X)) [167] concepts confirmed the formal
ionic charges (Table 4.76), acquired by the X-ray structure analysis, except the
threefold coordinated oxygen atom O6, which shows a reduced value of -1.7 (X @) in
the CHARDI-concept. Similar deviating values for the O atoms are obtained in p-
CaB,0; (-1.92 (SV); -1.77 (£Q))[173| B-HgB, 0, (-2.06 (ZV); -1.83 (£Q))[172],
and (-ZnB,0O, (-1.83 (XV); -1.67 (X@Q) [171]). Remarkably, in all these cases
the deviation was only observed in the CHARDI-calculations (3@)), whereas the

bond-length /bond-strength values (X V') corresponded to the expected values.

Table 4.76: Charge distribution in 5-BiB304 calculated with the bond-length/bond-strength
concept (X V) and the CHARDI concept (X6).

Bi B1 B2 B3 01 02 03 04 05 06
V. 426 +3.1 +3.0 +3.0 -2.2 -1.9 -2.0 -2.0 -1.9 -1.9
Q +2.8 +2.9 +3.1 +3.2 -2.0 -2.1 -2.2 -2.0 -2.0 -1.7

Then, we calculated the MAPLE values (Madelung Part of Lattice Energy) [161-
163| for 8-BiB;Oq4 in order to compare them with MAPLE values of the binary
oxides Bi,O5 and the high-pressure modification B,O;-II. We obtained a value
of 40313 kJ-mol™! in comparison to 40174 kJ-mol™!' (deviation: 0.3 %), start-
ing from the binary compounds (0.5 x Bi,O; (14533 kJ-mol™!) + 1.5 x B,O,-II
(21938 kJ-mol™!)).
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4.2.5 The Borate 3-SnB,0,

4.2.5.1 Synthesis

According to Equation 4.13, the starting materials for the synthesis of 3-SnB,0O,
[393| were stoichiometric mixtures of B,O, (Strem Chemicals, Newburyport, U.S.A.,
99.9%) and SnO (Strem Chemicals, Newburyport, USA, 99%). The mixture

(~ 65 mg) was filled into a boron nitride crucible of an 18/11 assembly.

SnO + 2 B, 0, % B-SnB,0, (4.13)
The assembly was compressed within 3 h to 7.5 GPa and heated to 1100 °C in the
following 10 minutes. After holding this temperature for 5 minutes, the sample
was cooled down to 750 °C in another 15 min and after that quenched to room
temperature by switching off the heating. After decompression, the recovered
experimental octahedron was cracked, and the sample carefully separated from the
surrounding boron nitride. The air- and humidity-resistant compound 3-SnB,0,

was obtained as a single-phase, coarsely-crystalline, colourless solid.

All experiments at pressures beyond 7 GPa led exclusively to crystalline [3-
SnB,0O,. Attempts to produce SnB,O, as glass under high-pressure conditions,
using high cooling rates (quenching), did not succeed in any amorphous phase.
The cooling rate in our high-pressure assembly was too low for the production of
glass with the composition SnB,0-, as it was possible for other borates under these
conditions. In contrast, experiments in the pressure range 1-2 GPa resulted only
in amorphous phases (see Figure 4.103). FE.g., the synthesis of “SnB,0.”, following
equation 4.13 performed at a pressure of 1 GPa and
a temperature of 650 °C, including a slow decrease of
temperature (0.8 °C/min) to 350 °C, led to an X-ray
amorphous product, showing reflections of metal-
lic tin, which originate from the reducing character
of the hexagonal boron nitride capsule during long
heating periods. Moreover, the elongation of the
reaction times destabilized the assemblies resulting

in distorted capsules, due to which an isolation of a

product was difficult. Presumably, the destabiliza-
Figure 4.103: BN-crucible with

tion occurred from a molten sample, wherefore the glassy tin borate.

stability of the assembly was affected during long
reaction times at low pressure. Furthermore, we observed that a higher tempera-
ture (700 °C) at 1 GPa in combination with slow cooling rates caused an increasing

amount of metallic tin in the product. Shortening the reaction time and lowering
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the temperature (heating to 500 °C in 6 min, followed by quenching) led to an

amorphous phase as well.

4.2.5.2 Crystal Structure Analysis

The powder diffraction pattern was obtained from a 0.2 mm Mark capillary, filled
with 3-SnB,O., using a STOE Stadi P powder diffractometer with monochrom-
atized CuKy; radiation (A = 154.051 pm). The diffraction pattern was indexed
with the program ITO [125] on the basis of an orthorhombic unit cell. The lat-
tice parameters (Table 4.77) were calculated from least-squares fits of the powder
data. The correct indexing of the pattern of (3-SnB,O. was confirmed by inten-
sity calculations, taking the atomic positions from the structure refinement [121].
The lattice parameters, determined from the powder and single crystal data, tally
well. Figure 4.104 shows a comparison of the experimental powder pattern to the

pattern simulated from single crystal data.

0 B-SnB,O,
400.0
300.0
200.0

SR a u

0.0 st i

1000

Absolute Intensity

Simulation
800

600

400

O: 'L JM mﬂ}hmwuuwmm

10.0 200 30.0 40.0 50.0 60.0 70.0 2Theta

Absolute Intensity

Figure 4.104: Measured (top) and simulated (single crystal data) (bottom) powder diffraction
patterns of 3-SnB, 0.

Small single crystals of (3-SnB,O. were isolated by mechanical fragmentation
and examined through a Buerger camera, equipped with an image plate system
(Fujifilm BAS-2500) in order to check their suitability for an intensity data col-
lection. Single crystal intensity data of 3-SnB,0O, were measured with a STOE
IPDS T area detector diffractometer (MoK, (A = 71.073 pm)). A numerical ab-
sorption correction was applied to the data (HABITUS [132]). According to the
systematic extinctions hO0l with h — [ # 2n, h00 with h # 2n, and 00/ with [ #
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2n, the space groups Pmn2; (No. 31) and Pmnm (No. 59) were derived. The
non-centrosymmetric group Pmn2; was found to be correct during the refinement.
This was confirmed with the ADDSYM routine of the program PLATON [139]. Ad-
ditionally, a powder sample of 3-SnB,0O, was subjected to a qualitative powder
SHG measurement, using the method reported by Kurtz & Perry [401|. The ob-
served intensities of the second harmonic, generated by [3-SnB,0O;, signalized an
SHG effect, thus corroborating the non-centrosymmetry of 3-SnB,0O- [402]. Struc-
ture solution and parameter refinement (full-matrix least squares against F?) were
successfully performed using the SHELX-97 software suite [135, 136]. Details of
the data collections and structure refinements are listed in Table 4.77. The po-
sitional parameters, anisotropic displacement parameters, interatomic distances,

and interatomic angles are given in Tables 4.78-4.81.
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Table 4.77: Crystal data and structure refinement of 3-SnB,0O, (standard deviations in paren-

theses).

Empirical Formula

Molar mass/g-mol~*
Crystal system

Space group

Powder diffractometer
Radiation

Powder data

a/pm

b/pm

¢/pm

V/nm3

Single crystal diffractometer
Radiation

Single crystal data
a/pm

b/pm

¢/pm

V/nm?

Formula units per cell
Temperature/K
Calculated density/g-cm™3
Crystal size/mm?
Detector distance
Exposure time per plate/min
Absorption coefficient /mm ~*
F (000)/e

0 range/*

Range in hkl

Total no. reflections
Independent reflections
Reflections with I > 20(I)
Flack parameter
Data/parameters
Absorption correction
Transm. ratio (min/max)
Goodness-of-fit (F?)

Final R indices (I > 20(I))

R indices (all data)

Extinction coefficient
Largest differ. peak, deepest hole/eu&*3

SnB, O,

273.93

orthorhombic

Pmn2; (No. 31)

STok Stadi P

CuKy1 (A = 154.051 pm)

1085.34(4)

444.84(3)

423.43(3)

0.2044(1)

STor IPDS T

MoK, (A = 71.073 pm)

0.08 x 0.08 x 0.03
40.0

16.0

6.2

252

4.6 - 28.7

+14, £6, +5

2027

600 (R = 0.0218)
581 (Rs = 0.0182)
0.00(3)

600/59

empirical (X-PREP [134])
0.689/0.844

1.064

R1 — 0.0145

wR2 = 0.0322

R1 = 0.0155

wR2 = 0.0324
0.019(2)
0.763/-0.550
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Table 4.78: Atomic coordinates and equivalent isotropic displacement parameters Ueq/A2 of
3-SnB, O, (space group Pmn2;). Ueq is defined as one third of the trace of the orthogonalized
U;; tensor (standard deviations in parentheses).

Atom Wyckoff X y zZ Ueq
Position

Sn 2a 0 0.82402(5) 0.89554(5) 0.0086(2)
Bl 4b 0.1225(3) 0.3272(6) 0.444(2) 0.004(2)
B2 4b 0.2481(3) 0.1749(6) 0.9742(7) 0.0022(6)
01 4b 0.2197(2) 0.1298(4) 0.6188(5) 0.0032(4)
02 4b 0.1422(2) 0.6426(4) 0.5237(5) 0.0042(4)
03 4b 0.1372(2) 0.2733(5) 0.1116(5) 0.0040(4)
04 2a 0 0.2309(6) 0.5541(6) 0.0029(5)

Table 4.79: Anisotropic displacement parameters of 3-SnB,0, (standard deviations in paren-
theses).

Atom U1 Ua2 Uss Uas Uiz Uiz

Sn 0.0075(2)  0.0116(2)  0.0066(2)  0.0016(2) 0 0

B1 0.004(2) 0.0019(9)  0.006(4)  -0.000(2) -0.001(2)  -0.0003(9)
B2 0.004(2) 0.002(2) 0.000(2) 0.0000(8)  0.0001(8)  0.000(2)
01 0.005(2) 0.0021(8)  0.0022(8)  -0.0002(7) -0.0010(8)  0.0015(7)
02 0.005(2) 0.0025(8)  0.0051(7)  -0.0009(7) 0.0010(7)  0.0005(7)
03 0.004(2)  0.0053(8)  0.0024(9)  -0.0010(6) -0.0005(7)  0.0015(7)
04 0.002(2) 0.003(2)  0.004(2) 0.0028(9) 0 0

4.2.5.3 Crystal Structure Description

3-SnB,0O; is assembled solely of corner-sharing BO,-tetrahedra, being isotypic to
the mineral clinobarylite BaBe,Si,O, [394], to the known high-pressure phases
B-CaB,0, |173] and B-HgB,O; |172], as well as to the ambient-pressure phases
StB,O, [174, 175, PbB,O, [175, 176, and EuB,O, [177]. Figure 4.105 (right)
shows the crystal structure of 3-SnB,O, along [001], exhibiting a network of
corner-sharing BO,-tetrahedra, forming channels along [001], which are composed
of “Vierer” and “Sechser” rings (rings with four and six tetrahedral centres, re-
spectively) [39]. The tin cations lie in the “Sechser” ring channels, while the
“Vierer” ring channels remain empty. Figure 4.105 (left) illustrates the highly
condensed layers along [100] partially built up by threefold coordinated oxygen
atoms OFl (green spheres), which are also found in other borates, e.g. 3-MB,0,
(M = Mn [261], Co, Ni [261], Cu [261], Zn [171]), B-RE(BO,); (RE = Nd, Sm,
Gd-Lu) [262-264], y-RE(BO,); (RE = La-Nd) [265, 266], and minerals like tun-
nelite (SrBzO4(OH),-3H,0), strontioginorite ((Sr,Ca),B;,05,(OH)4-6H,0) [267],
aristarainite (Na,Mg|B;O4(OH),|,-4H,0) [268], and the high-pressure modifica-
tion of B,O, [82]. Figure 4.105 shows that all tetrahedra point towards the [001]

direction, confirming the non-centrosymmetric structure of 3-SnB,0,.
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Figure 4.105: Crystal structure -SnB,0O; along [001] (left) and along [100] (right). Orange
spheres: Sn?", red spheres: B®" blue spheres: O, green spheres: Ol

The B-O bond-lengths in 3-SnB,0O, (Table 4.80) vary between 141 and 156 pm
with an average B—O bond-length of 148.5 pm, which is slightly larger than the
known average value of 147.6 pm for borates [232, 233]. As expected, the bonds to
threefold coordinated oxygen atoms O are significantly longer (153-156 pm) than
the average, with partial compensation by the shortening of other bonds. Longer
bonds can also be found in the borates MB,O, (M — Sr [174, 175], Pb [175, 176],
Eu [177]) and 3-MB,O, (M = Ca [173], Hg [172]), as well as in p-MB,0, (M =
Mn [261], Co, Ni [261], Cu [261], Zn [171]). The O-B-0O angles in the two crystal-
lographically independent BO ,-tetrahedra vary between 104.4 and 117.8° (Table
4.81). These strong deviations from the ideal tetrahedron angle are not exceptional
for borates, synthesized under extreme conditions. Examples for such strongly dis-
torted tetrahedra in BO -networks can be found e.g. in the high-pressure phases
«-RE,B,0O4 (RE = Eu-Tb [74-76]) with O-B-O angles varying between 99.5 and
118.9° for a-Eu,B,0,, 99.4-119.0° for «-Gd,B,0Og, and 99.4-119.4° for «-Th,B, 0.
The
B-OPLB angles inside of the OB,-group are 117.3, 117.6, and 121.6° with a mean
value of 118.8° (Table 4.81). The slight distortion of the OBj-group is under-
standable, because the Sn*" ions lie in the direct neighborhood of the OB,-group
with an OBl...Sn distance of 298.7 pm (Table 4.80). The coordinative contribution
of OB leads to a deflection of these atoms from the plane into the direction of
the Sn”" ions. Similar distortions inside the OFIB;-group can be found in other
borates, such as 3-MB,O, (M — Mn [261], Co, Ni [261], Cu [261], Zn [171]). In
contrast to the isotypic high-pressure phases 3-CaB,0, [173| and 3-HgB,0, [172],
where the M ions are coordinated by 15 oxygen atoms (B-CaB,O,: 242-316 pm,
B-HgB,O,: 237 315 pm), the coordination number in 3-SnB,O, can be described
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as a 10 + 5 coordination. The Sn—O distances vary between 232 and 301 pm for
the 10 nearest oxygen atoms (Table 4.80). Five oxygen atoms can be found in a
distance of 318 pm (2x), 320 pm (2x), and 333 pm, which make only a negligible
coordinative contribution to the Sn*" ion. ECoN calculations (Effective Coor-
dination Numbers according to Hoppe) [161-163| for the Sn?" ions confirm the
coordination number of 10 in (3-SnB, 0O, if values of 6-ECoN smaller than 0.05 are
neglected. Figure 4.106 displays the different coordination spheres in 3-SnB,0O-

and B-CaB,O,. The reason for the different coordination of the Sn?* ions, com-

Figure 4.106: Coordi-
nation sphere of tin in
the crystal structure of f3-
SnB, 0, with sterically ac-
tive lone pair at Sn?"
(left) compared to the co-
ordination sphere of Ca?"
in the crystal structure of
3-CaB,O, (right).

pared to the Ca" and Hg?" ions, may be the sterically active lone pair localized
at Sn®". Bohaty et al. presented a detailed comparison of the coordination sur-
roundings of Pb®" and Sr*" ions in PbB,O, and SrB,O,, respectively [410]. The
comparison signalized a slight off-center shift of Pb?" within its coordination com-
pared to Sr*", caused in a moderate influence of the lone pair, which is present in
PbB,O,. This effect is much stronger in (3-SnB,0O;.

Table 4.80: Interatomic distances/pm in 3-SnB,O, (space group Pmn2;) calculated with the
single crystal lattice parameters (standard deviations in parentheses).

Sn-Oda  231.8(3) B1-03 143.6(4) B2-03 140.8(4) O1-B2a  152.8(4)
Sn-02 235.0(2) 2x  B1-02 145.9(3) B2-02 145.7(4) O1-B2b  155.1(4)
Sn-O3a  265.6(2) 2x  B1-04 147.5(4) B2-Ola  152.8(4) O01-Bl 156.1(4)
Sn-O1 298.7(2) 2x  B1-01 156.1(4) B2-O1b  155.1(4) O = 154.7
Sn-O4b  300.9(3) O = 1483 O = 148.6

Sn-0O3b  301.0(2) 2x

0 = 273.3

Table 4.81: Interatomic angles/® in 3-SnB, O, calculated with the single crystal lattice param-
eters (standard deviations in parentheses).

04-B1-01 107.2(3) 02-B2-Ola 104.4(2) B2a-01-B2b 117.3(2)
03-B1-01 107.3(2) 03-B2-O1b 105.8(2) B2a-0O1-Bl 117.6(2)
02-B1-01 109.3(3) 03-B2-Ola 107.8(2) B2b-01-Bl 121.6(2)
02-B1-04 109.7(3)  O1a-B2-O1b 108.7(2) O 118.8
03-B1-04 111.3(3) 02-B2-O1b 112.0(2)
03-B1-02 111.9(3)  03-B2-02 117.8(2)
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4.2.5.4 Thermal Behaviour

In situ X-ray powder diffraction experiments were performed on a STOE Stadi P
powder diffractometer (MoK, radiation (A = 71.073pm)) with a computer con-
trolled 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. After that, the sample was cooled down to 500 °C in 50 °C steps,
and below 500 °C in 100 °C steps. At each temperature a diffraction pattern was
recorded from 7° to 22° in 20.

Figure 4.107 illustrates the temperature-programmed X-ray powder diffraction
patterns of 3-SnB,O,, showing a transformation of the high-pressure phase into
an X-ray amorphous phase after heating to 500-550 °C. Further heating up to
1100 °C and subsequent cooling to room temperature did not succeed in any crys-

talline phase under ambient pressure conditions. Thermoanalytical investigations
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2Theta /° (A =71.073 pm)

Figure 4.107: In situ X-ray powder patterns of 3-SnB,0O;.

were carried out utilzing a Setaram TGA 92-2400 DTA-TG-thermobalance. The
DTA-TG curve of 3-SnB,O; was recorded between room temperature and 600 °C
with a heating rate of 10 °C-min~!. The results of the temperature-programmed
powder diffraction patterns are in agreement with the DTA measurements (Figure
4.108). During the heating of 3-SnB,O,, a broad endothermic effect occurred in
the DTA between 520 and 580 °C, owing to a melting process of the compound. A
small weight loss (2%) could be observed in the thermogravimetrical measurement

between 100 and 350 °C, which can be attributed to a loss of water and boric acid.
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Figure 4.108: DTA-TG curves of 3-SnB,O,.

4.2.5.5 Vibrational Spectroscopic Inverstigations

A FTIR spectrum of (3-SnB,0O, was obtained at room temperature by using a
BRUKER IFS 66v/S spectrometer with DTGS detector. The sample was

thoroughly mixed with dried KBr (5
mg of the sample, 500 mg of KBr). The
preparation procedure was performed
in a glovebox under dried argon atmo-
sphere. The spectrum was collected in
a range from 400 to 4000 cm~! with

a resolution of 2 ecm™!.

During the
measurement, the sample chamber was

evacuated.

Figure 4.109 shows the section 400
2000 cm~! of the infrared spectrum
of 3-SnB,O, (red) in comparison to
the spectra of the isotypic high-
pressure phase (-CaB,O, (blue) and
the amorphous ambient-pressure tin
borate "SnB,0," (black). A first
comparison of the three spectra con-
firms that (3-SnB,0O; is isotypic to (3-
CaB,O,, as the absorptions of both

compounds are nearly identical. In

fCaB 0,

ASnB O,

Transmission a.u.

amorphous
SnB O,

T T T T T T T
2000 1600 1200 800 400

Wavenumber / cm’”
Figure 4.109: Infrared spectra of 3-CaB,0;

(blue), f-SnB,0O; (red), and amorphous SnB,0,
(black).
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contrast, the spectrum of the amorphous ambient-pressure phase “SnB,0O,” is com-
pletely different. In the spectra of 3-SnB,0O, and 3-CaB,0O,, the absorption peaks
between 800 and 1100 cm~! are those typical for the tetrahedral borate group
BO, as in YBO;, GABO,, or TaBO, [403-405|. Between 1100 and 1450 ¢cm !, and
below 800 cm™!, we observe absorptions typical for triangular BO,-groups as in
LaBO, [406, 407] and Eu,B,0, [408]. Since BO4-groups are missing in 3-SnB,0;,
the absorptions can be assigned to the corresponding OB;-vibrations. Analogous
geometrics and similar force parameters in the OB,-group recommend this assign-
ment, because it is also valid e.g. for B-ZnB,0, [171], B-CaB,O, [173], and the
high-pressure phase B,0O;-1T [82]. The existence of two crystallographically in-
dependent BO,-units in the network structure of 3-SnB,O; in combination with
OB;-groups renders a detailed assignment of the broad bands difficult. The spec-
trum of the amorphous “SnB,0,” exhibits a strong absorption around 1400 cm ™!,
which is typical for BOs-groups in borates. Around 1000 cm ™, also characteristic
BO,-absorption bands can be observed. From these results, we conclude that the
amorphous ambient-pressure phase “SnB,0.” exhibits both BO,- and BO - groups
in contrast to its high-pressure modification. Moreover, absorptions in the range
3100-3600 cm ™! show the presence of OH/H,O, indicating no pure “SnB,0.”. Up
to now, it has not been possible to synthesize a defined, reproduceable glass with

the composition SnB,0;.

4.2.5.6 MoRbauer Spectroscopic Investigations

198n Mokbauer spectroscopy is a sensitive tool to investigate the coordination
environment of tin in tin borate glasses. The spectra of 3-SnB,O. at 77 K and
room temperature are presented in Figure 4.110 together with transmission integral
fits. The fitting parameters are listed in Table 4.82. Both spectra show a main
signal at an isomer shift of 4.09(1) mm-s~! and a line width of 0.88(1) mm-s™!,
compatible with divalent tin. A small impurity component (ca. 5% of the total

area) around 0 mm-s™!

results most likely from a minor SnO, content [411] of
the sample. Due to the low site symmetry of the tin site (m), the spectra show
quadrupole splitting of 0.71(3) and 0.78(3) mm-s~! at room temperature and 77 K,

respectively.

It is worthwhile to note that the ''9Sn Mdssbauer spectrum of a SnB,0, glass
[412] shows a smaller isomer shift (between 3.09 and 3.17 mm-s~!) and a much
higher quadrupole splitting parameter, clearly indicating different tin coordina-

tions in the SnB,0, glass than in the crystalline material 3-SnB,0O,.
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Figure 4.110: Experimental (green:
-SnB,0
.B S |77K . . . . . | Sn**, blue: Sn?*) and simulated (black)
-8 4 0 4 g ''%Sn spectra of 3-SnB,0, at 77 K and
v/ mm-s-1 room temperature.

Table 4.82: Fitting parameters for the ''Sn Mgssbauer spectra of 3-SnB,0, at room temper-
ature and 77 K. (8 = isomer shift; I' = experimental line width; AEg = electric quadrupole
interaction.)

T/K 51 /mm-s~1 I'y/mm-s—! AEg/mm-s™! 8 /mm-s! I'y/mm-s—!
208 4.09(1) 0.88(1) 0.71(3) 0.01(1) 1.3(1)
77 4.14(1) 1.06(1) 0.78(3) 0.03(3) 1.1(1)

4.2.5.7 Solid State NMR Investigations

The NMR experiments on (3-SnB,O; were carried out on a BRUKER Avance DSX
spectrometer, equipped with standard 2.5 mm and 4.0 mm MAS NMR probe
tubes. The magnetic field strength was 11.75 T, corresponding to ''’Sn and 'B
resonance frequencies of 178.03 and 160.50 MHz, respectively. A commercially
available pneumatic control unit was used to limit MAS frequency variations to
a 2 Hz interval during the experiment. Samples were spun at 10 and 25 kHz, re-
spectively. The chemical shift values refer to Sn(CHj;), and BF; - Et,0O as external
chemical shift references for ''"Sn and '"B. The repetition rates of the experi-
ments were 300 and 50 s, respectively. The ''7Sn MAS spectrum was obtained
from 200 accumulated transients. The ''B MQMAS spectrum was obtained, using
a triple-quantum 3 pulse sequence with a z-filter [144]. The SOQE parameters
and isotropic chemical shift values were determined from the moment analysis
[144, 145] of the sheared MQMAS spectrum. Simulations of the ''Sn chemical
shift parameters were done by minimizing the squared difference between experi-

ment and simulation, using the SIMPSON MINUIT routines [146|, and the chemical
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shift conventions implemented in SIMPSON [147].

In agreement with the diffraction results, one tin and two boron positions were
resolved in the solid-state NMR experiments (Figure 4.111). The ''"Sn chemical
shift parameters were 0i, — -1284.7 ppm, duniso — -334 ppm, and 1 = 0.1, which
were determined from an ''"Sn MAS NMR spectrum. Zero asymmetry parameters
1 are found, when the tin atoms have a point group with a 3-fold axis element

or higher. Slight distortions as in the structure of 3-SnB,O; result in small but

1 * ‘li’“’ 117

| ) :
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Chemical Shift/ppm
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Chemical Shift / ppm Chemical Shift / ppm

Figure 4.111: "'B (left) and ''""Sn (right) MAS NMR spectra of B-SnB,O,. The isotropic
sidebands are marked by an asterisk.

non-zero asymmetry parameters. Since the high-pressure phase (3-SnB,O. is an
extreme example for a highly coordinated tin atom, we compared the observed
chemical shift parameters with literature values [413-418|. Prior work [417, 418] on

thiostannates indicates that it is

impossible to distinguish Sn?" and 200 . ; . ; . ;
Sn*" on the basis of M7/198p

NMR, due to the mutual overlap of
-200 -
anisotropic and isotropic chemical

ppm

values for Sn?" and Sn**. In fact, R |

aniso

& .

the situation is more favourable am b

for tin coordinated to oxygen.

1 1 L 1
] -200 -400 -600 -200 -100a -1200 -1400

The values of the anisotropic and &, ppm

isotropic chemical shifts span a )
Figure 4.112: Chemical shift parameters of Sn**

: : 24 4t
space, in which Sn and Sn and Sn?" in oxygen-based, crystalline model com-

atoms are well separated from each pounds (references [413-416] and (-SnB,0,); some
daniso values were too small to be determined exper-

other (Figure 4.112). Obviously imentally and were assumed to be zero for this dia-
the chemical shift parameters of 8&ram.

thiostannates are much more diffi-
cult to understand, due to the higher electronic polarizability of sulphur compared

to oxygen. The resolution power of "7/1199n MAS NMR experiments might be
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useful to determine oxidation states spectroscopically in various amorphous and
crystalline inorganic materials. From the "B MQMAS (Figure 4.113), the chemi-
cal shift and quadrupole coupling parameters were determined to be i, — 3.4 and
4.6 ppm and SOQE = 0.7 and 1.1 MHz, respectively. The determined SOQE and

the isotropic chemical shift parameters are typical for tetrahedrally coordinated

A N
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0.0

0.5
1.0 4
15 4

boron atoms [419].

20 4

25 4

3.0 4

35 4 A
40

45 <

50 4

55 4 @

Figure 4.113: ''B MQMAS NMR spec- b

6.0
6.5 4
7.0 4
7.5 4 ;

trum of crystalline 3-SnB,O;; two crys-
tallographically independent positions
are resolved dio = 3.4 and 4.6 ppm,
SOQE = 0.7 and 1.1 MHz, respectively.

4.2.5.8 DFT Calculations

Self-consistent DF'T band structure calculations were performed by the LMTO-
method in its scalar-relativistic version (program TB-LMTO-ASA). Detailed de-
scriptions are given elsewhere [149, 150]. Reciprocal space integrations were per-
formed with the tetrahedron method [151], employing 273 irreducible k-points.
The basis set consisted of Sn-
5s/bp/{5d/4f}, B-2s/2p{3d}, and
O-{2s}2p{3d}. Orbitals given in
parentheses were downfolded [409].
In order to achieve space filling
within the atomic sphere approx-
imation, interstitial spheres were

introduced. A three dimensional

grid of the charge density and elec-
Figure 4.114: The lone pair at the Sn*" ion in B-
SnB, 0, visualized by the electron localization func-
tion (ELF) (isosurface value ELF — 0.93). [152, 153| were calculated. In the

density functional theory, ELF de-

tron localization function (ELF)
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pends on the excess of local kinetic energy due 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 elec-
trons plays an important role. These regions can be assigned either to covalent

bonds or to lone pairs.

In order to analyze the conspicuous lone pair behaviour of PbB,O, and f3-
SnB, 0, we have calculated the band structure of both compounds and the electron
density distribution of (3-SnB,O;. The electron localization function ELF is a
useful tool to discover regions with paired spins, as expected for covalent bonds or
lone pairs. Figure 4.114 displays the coordination of the tin atoms in (3-SnB,0-,
decorated with an ELF isosurface of ELF — 0.93. The lone pair at the tin atom is
clearly visible and points toward the “empty” space above the tin atom. Thus, the
DFT calculations support the existence of the stereochemically active lone pair of
Sn?" in 3-SnB,O, but it is not yet clear, why the isostructural lead compound

shows no distinctive asymmetry, as reported in reference [410].

In recently published papers [420, 421] it is shown that the reason for lone pair
formation in tin- and lead-chalcogenides mainly lies in the antibonding Sn(5s)-
O(2p) interactions, which decrease the energy separation of the Sn(5s)-Sn(5p)
states and allow s-p mixing. So, the more s-p mixed levels occur near the Fermi
energy (er), the stronger is the tendency to form a lone pair at the tin (or lead) site.
Figure 4.115 shows the partial density of states (PDOS) for the s- and p-orbitals
of Sn*" in B-SnB,0,, of Pb?" in “PbB,O,” with off-center Pb (structure of p-
SnB,0;), and finally of Pb in the experimental structure with a nearly symmetric

environment [175].
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Strong s-orbital contributions discern between €y and -2 eV for 3-SnB,O,, which
are significantly reduced by ~25% in “PbB,O,” with the same structure. These s-
levels mix with p-orbitals (dotted lines) in the same energy range and form the lone
pair at the tin or lead site. But this tendency is much stronger in the tin compound
than in “PbB,O,”. The lead atoms in the experimental structure of PbB,O,
are much more symmetrically coordinated. Consequently, the s-p contribution
near €p is very low (upper part of Figure 4.115), and almost no indication of
lone pair formation is discernible in the PDOS of PbB,O,, in agreement with the
experimental data. Our analysis supports the conclusion drawn in reference [421],
that the lone pair is not a result of chemically inert s-orbitals (equally present in
Sn?" and Ph*"), but rely on the electronic interaction with the coordinated anions.
Thus, the asymmetric oxygen coordination drives to the formation of the lone pair,
and vice versa. The unit cell volumes of 3-SnB,O; and PbB,0, differ only 0.3%,
and the available space for Sn?" and Pb?" within the coordination polyhedra is
almost the same. But the ionic radius for Pb?™ (1.29 A) [238] is larger than for
Sn?" (1.22 A). Therefore, lead is well coordinated (almost) in the centre of the
oxygen polyhedron, but the smaller tin ion shifts significantly off-center, so the

lone pair results from this asymmetric oxygen environment.

4.2.5.9 Theoretical Calculations

Additionally, we calculated bond-valence sums for 3-SnB,O, with the bond-length/
bond-strength (X V') [164, 165] and CHARDI concepts (3 Q) (Table 4.83) [167]. As
bond-valence parameters for the bond-length /bond-strength concept we used R ;;
= 137.1 for B-O bonds and R;; = 198.4 for Sn-O bonds. The formal ionic charges
of the atoms, acquired by X-ray structure analysis, were in agreement within the
limits of the concepts, except the threefold coordinated oxygen atom O1, which
shows a reduced value of -1.70 (X@Q) in the CHARDI-concept. Similar deviating
values for the OFl atoms are obtained in B-CaB,0, (-1.92 (X V); -1.77 (£Q))[173]
B-HgB,O; (-2.06 (XV);-1.83 (XQ))[172], and B-ZnB,0O, (-1.83 (X V);-1.67 (XQ)
[171]). Remarkably, in all these cases the deviation was only observed in the
CHARDI-calculations (X@)), whereas the bond-length/bond-strength values (X V)

corresponded to the expected values.

Table 4.83: Charge distribution in 3-SnB,O, calculated with the bond-length/bond-strength
(X V) and the CHARDI concept (XQ).

Sn B1 B2 01 02 03 04
XV +1.79 +2.98 +2.97 -1.93 -1.95 -1.97 -1.98
Q@ +1.90 +2.95 +3.09 -1.70 -2.14 -2.12 -2.09

Then, we calculated the MAPLE values (Madelung Part of Lattice Energy) [161
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163| for 3-SnB,O, in order to compare them with MAPLE values of the binary
components SnO and the high-pressure modification B,O5-II. Their foundation is
the additive potential of the MAPLE-values, by which it is possible to calculate
hypothetical values for 3-SnB,0., starting from the binary oxides. For (3-SnB,0O-
we obtained a value of 47755 kJ-mol~! in comparison to 47638 kJ-mol~! (deviation:
0.2%) starting from the binary oxides [1 x SnO (3762 kJ-mol™!) + 2 x B,0,-II
(21938 kJ-mol1)].
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4.2.6 Closing Remarks to the Chapter Main Group Borates

The phases 3-BaB,0O,, 8-BiB;O, and 3-SnB,0, could be prepared and charac-
terized within the scope of this thesis (chapters 4.2.3 — 4.2.5). Each of the three
compounds represents the first high-pressure phase in the according system. In the
case of 3-SnB,O; we even were able to synthesize the first crystalline phase in the
ternary system Sn-B-O. The results of these investigations are already published
in the References [391, 393, 400].






5 Prospects

Within this thesis the family of high-pressure borates, which was explored in de-
tail by Huppertz and Emme concerning rare-earth borates, could be successfully
enlarged into the fields of transition metal and main group metal borates. System-
atic research activities, primary for the elements Mn — Cu, led to a couple of new
compounds, which not only showed fascinating crystal structures, but revealed
interesting properties as well.

In the range of iron borates, which show a huge diversity under ambient-pressure
conditions, several high-pressure borates could be realized in this work. A very
attractive compound can be found in the boracite-analogous phase “Fe;B,0,,N”,
which presumably exhibits nitrogen on a fourfould coordinated position. One of
the essential ambitions concerning this phase is to approve the supposed formula
“Fe;B,0,,N”. For this purpose futher investigations, such as EELS studies, are
still going on. Boracites show promising material features, e.g. pyroelectricity,
piezoelectricity, dielectricity, ferroelectricity, ferroelasticity, or partially ferromag-
netism. Therefore the crystal structure of “Fe;B.0,,N”, which could not be solved
in a satisfactory way so far, as well as its properties should be investigated in
detail.

With the phases “ M;B,;;0,,0H” (M — Co, Fe) another remarkable crystal struc-
ture was discovered. The interesting building block within this structure type con-
stitutes a transition state borate group that ranges between a trigonal BO ;- and
a tetrahedral BO -group.

The trigonal high-pressure phase “Co;B;0,5(OH),” shows another notable cobalt
borate with a new crystal structure as well as a new composition. The crystal struc-
ture exhibits BO4- and BO,-groups connected via common corners, as well as the
rare motif of isolated |[B(OH),|-tetrahedra. For both mentionend boratehydroxides
(M;B,0,,0H with M — Co, Fe and “Co3Bg0,3(OH),”) a proof of the existence
of hydrogen should be provided in future works.

The extraordinary structural building block of edge-sharing BO ,-tetrahedra,
found in the two phases RE,B;O,5 (RE — Dy, Ho) and «-RE,B,O4 (RE — Sm Tb,
Ho), could be realized again in the high-pressure borate HP-NiB,O,. The striking
feature in this compound is that every BO ,-tetrahedron reveals a common edge to

an adjacent tetrahedron, which was not observed in borate chemistry before. Due
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to the isotypy of the nickel borate 3-NiB,O, to the zinc borate 3-ZnB,0,, one
could assume futher correlations between both systems. In this connection, the
question came up if there may exist an isotypic Zn-phase to the remarkable nickel
borate HP-NiB,0O, as well. Experiments, applying pressures up to 12.2 GPa to the
system Zn-B-O always led to the product (3-ZnB,O,. Since (3-NiB,O, and HP-
NiB,0O, were both prepared under a pressure of 7.5 GPa, but at different reaction
temperatures, “HP-ZnB,0,” may be synthesized at a different temperature as f3-
ZnB,0O,. The demand for a diamagnetic compound with edge-sharing tetrahedra,
that can be investigated by solid-state NMR (which would be the case for “HP-
ZnB,0,”), still remains. Additionally, the research activities should be enlarged

into the fields of alkaline- or earth alkaline metal borates as well.

A fundamental aim of our research is to increase the coordination number of
the boron atoms from four to five, or maybe six, in extreme conditions. For this
purpose, HP-NiB,O, is an excellent candidate for in situ investigations inside a
laser-heated diamond anvil cell. In this connection the copper borate CuBO, has
to be mentioned. Snure and Tiwari reported the synthesis of a borate with the
quoted formula CuBO, in 2007. The compound is described to be isotypic to the
Cu delafossites CuMO,, (M — Al, Ga, In), which represent transparent conductive
oxides that find application in transparent light emitting diodes, UV detectors,
or solar cells. The isotypy was postulated on the basis of three concurrent reflec-
tions of an X-ray powder diffraction pattern of CuBO, with the powder pattern
of CuMO, delafossite (the name refers to the mineral delafossite CuFeO,, trigonal
structure, P3m ). The crystal structure of copper delafossite is composed of linear
arranged Cut and M3T ions coordinated octahedrally by oxygen, while the octa-
hedra build planar layers. This means that CuBO, would comprise boron in an
octahedral coordination, which would be a revolutionary discovery, because until
today the maximum coordination number of boron in borates is four. Due to this it
seems to be most doubtful, if CuBO,, truly adopts the delafossite structure. Thus,

it has to be a main intention to investigate this compound in the near future.

In the section of silicate-analogous borates several discoveries were made within
the scope of this work. First of all the phases 3-MB,O; (M = Hf, Zr) have to be
referred to. An intensive literature research revealed the analogy to minerals of the
gadolinite group (gadolinite-(Y): Y,Be,FeSi,O40,). Recently another representa-
tive of this structure type could be synthesized by S. Herdlicka, namely the borate
Y, Fe, Mg, (B,O,,. But also the related structures 3-BaB,0; and MB,0O, (M =
Sr, Pb, Eu, -Ca, -Hg), show isotypy to the polymorphs of BaBe,Si,O, barylite
and clinobarylite, respectively. On the basis of these results, the increase of the
coordination number at boron atoms in analogy to silicon, as it was found in the

silicon dioxide modification stishovite, might be possible. Presumably, the pres-
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sure needed for this will exceed our preparative possibilities, why the experiments
should be conducted inside a laser-heated diamond anvil cell.

Furthermore, the transition metals, which were not investigated in this the-
sis, should be implicated in prospective studies. High-pressure experiments of A.
Haberer already led to the new transition metal borate Ti;B,,0,4, which is com-
posed of B,,0y4-clusters arranged as the atoms in the Zintl-phase NaTl. Not only
experiments with other cations are very promising, but also syntheses accomplished
with reaction conditions differing from the standard conditions of 7.5 GPa, used
in the context of this work. Pressures below 5 GPa already showed respectable
results within the range of rare-earth borates. With the preparation of Pr,B,,0,,
[422, 423| a new structure type displaying a new composition could be realized
at a pressure of about 3.5 GPa. Additionally, the pressure range beyond 7.5 GPa
should be implicated as well.

Future research activities could also be enlarged in the fields of doped bo-
rates, because those materials often reveal remarkable material features in the
area of fluorescence. Another promising branch could be the enhancement of bo-
rate systems towards hydroxyborates, fluoroborates, or even oxonitridoborates.
Initial studies concerning this systems, except for fluoroborates, were exemplarily
conducted within this thesis with the compounds M;B,,0,,OH (M = Co, Fe),
“Co4Bg0,5(OH),”, and “Fe;B,O,N”.






6 Summary

6.1 High-Pressure/High-Temperature Synthesis

The high-pressure route establishes a versatile tool for new synthetic possibilities in
long known borate systems by applying extreme reaction conditions. Especially the
increase of the coordination number of boron from three to four in high-pressure
borates allows the synthesis of denser borates with structural analogies to e.g.
aluminates, gallates, silicates, and nitridophosphates. But also the increase of the
coordination of the metal cations forces the formation of new crystal structures
with new compositions.

Under normal-pressure conditions, glasses are often the favored reaction prod-
ucts in oxoborate chemistry. As demonstrated in this thesis, high-pressure/high-
temperature conditions can force the formation of a crystalline product. This
is supported by the preparation of (3-SnB,O., the first crystalline borate in the
system Sn B O.

All summarized experiments were conducted by means of an octahedral mul-
tianvil system, which represents the best combination of realizable pressures and
sample size, in combination with a 1000 t press. These experiments reflect the

variety of borate chemistry in combination with a powerful preparative method.

6.2 Transition Metal Borates

B-MB,O5(M = Hf, Zr) (Chapter 4.1.3, page 43)

The new high-pressure phases 3-HfB,O, and (-ZrB,0O, show analogies to the
silicate minerals of the gadolinite group. The crystal structure is composed of
BO,-tetrahedra interconnected to layers, which are built up from “Achter” and
“Vierer” rings. The cations are located between the “Achter” rings. Starting
with a stoichiometric mixture of the comparing oxides, the phases were synthe-
sized in an 18/11-assembly, which was compressed up to 7.5 GPa and heated
to 1100 °C. Single crystal structure analysis revealed the monoclinic space group
P2, /cwith Z = 4, a = 438.43(3), b = 690.48(6), ¢ = 897.27(6) pm, 3 = 90.76(1)°,
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R1 = 0.0210, and wR2 = 0.0502 (all data)
for B-HfB,O; and a = 440.21(2), b =
693.15(3), ¢ — 899.24(3) pm,  — 90.93(1)",
R1 = 0.0379, and wR2 = 0.0576 (all data)
for 3-ZrB,0O;. The application of Liebau’s
nomenclature for silicates to the arrange-
ment of tetrahedra in the structure of
B-MB,O; (M = Hf, Zr) leads to the for-
mula M{uB, 12_}[*B,0s], representing an

Figure 6.1: View on one borate layer in unbranched “Vierer” single layer. Figure
B-MB,O, (M — HE, 7r).

6.1 demonstates one borate sheet with the

“Vierer” single-chain highlighted in red.

B-MB,0O, (M = Mn, Co, Ni, Cu) (Chapter 4.1.4, page 56)

High-pressure /high-temperature syntheses with conditions of 7.5 GPa and tem-
peratures of 1000 °C (Mn)/ 1250 °C (Co)/ 1150 °C (Ni)/ 550 °C (Cu) led to the
phases 3-MB,O, (M — Mn, Co, Ni, Cu), which are isotypic to 3-ZnB,0,. Single
crystal structure analysis led to the orthorhombic space group Cmem with the
representative parameters for 3-MnB,O, of Z = 4, a = 1088.5(2), b = 663.3(2),
¢ — 518.7(2) pm, R1 — 0.0209, and wR2 — 0.0553 (all data). The structure is
unexceptionally composed of BO,-tetra-
hedra, linked via common corners forming a
network structure. 2/5 of the oxygen atoms
bridge three boron atoms (OFl), while 3/5
connect two boron atoms (OP). Along
¢, the structure shows channels of “Vierer”

and “Sechser” rings, with the cations po-

sitioned inside the “Sechser” ring channels.
Figure 6.2: Crystal structure of f-MB,O; The differences inside the structures of -
(M = Mn, Co, Ni, Cu). .

MB,O, (M = Mn, Co, Ni, Cu, Zn) are due

to the varying ionic radii and electronic con-
figurations of the M?" ions and becomes manifest in a differing distortion of the
square-pyramidal coordination spheres of the cations. Figure 6.2 shows the crystal
structure of B-MB,O, (M = Mn, Co, Ni, Cu) with a view along [001].
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o-FeB,0, (Chapter 4.1.5, page 76)

The new iron borate a-FeB,0, was prepared by means of a high-pressure/high-
temperature synthesis of 7.5 GPa and 1100 °C in an 18/11-assembly. The

monoclinic compound crystallizes in the
space group P2;/c¢ with four formula units
and the lattice parameters of a = 715.2(2),
b — 744.5(2), ¢ — 862.3(2) pm, B —
94.71(3)°, R1 = 0.0350, and wR2 = 0.0532
(all data) (Figure 6.3, top). The high-
pressure phase exclusively exhibits corner-
sharing BO,-tetrahedra, which are inter-
connected to “Sechser” rings with the topo-
logy UUDUDD (U = up, D = down)
(Figure 6.3 bottom). These rings con-
dense to borate layers, linked among each
other to form a framework. The cations
are arranged in channels composed of
“Sechser” rings. «-FeB,0, is isotypic to the
compounds 3-SrGa,0O,, CaAl,0,-1I, and

CaGa,0,. All mentioned compounds can

Figure 6.3: Crystal structure (top) and
single layer (bottom) of «-FeB,0,.

be understood as stuffed derivates of the tridymite (SiO,) framework-structure.

HP-NiB,0O, (Chapter 4.1.6, page 84)

Edge-sharing BO,-tetrahedra are a very rare structural feature, which could only
be realized in the compounds RE,B;O,; (RE — Dy, Ho), «RE,B,0,

(RE = Sm -Tb, Ho). Now it was pos-
sible to synthesize a third structure type
represented in the new high-pressure phase
HP-NiB,O,. Whereas in both rare-earth
compounds only some of the tetrahedra
are linked via one common edge, in HP-
NiB,0O, every BO,-group shares one com-
mon edge with the adjacent BO,-unit. This
is unique in borate chemistry. The edge-
sharing dimer building blocks are linked
to “Sechser” rings, interconnected to planar

layers, which are connected by strings of

Figure 6.4: Crystal structure HP-NiB,0,.

edge-sharing NiOg-octahedra. The crystal structure was solved on the basis of sin-
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gle crystal data and revealed the space group C2/¢ with four formula units and the
lattice parameters of a = 924.7(2), b = 552.3(2), ¢ = 442.88(9) pm, 3 = 108.30(3)",
R1 — 0.0314, and wR2 — 0.0542 (all data). Figure 6.4 demonstrates the crystal
structure of HP-NiB,O, along [001]. One dimer building block is highlighted in
yellow and one string of edge-sharing NiOg-octahedra is drawn in red. Similar
layers composed of edge-sharing tetrahedra were observed in the compounds f3-
Cay|ALN,|, Ca,s|AlAs,|, Sry[ALP,], Bas[In,P,|, and «-Cas|Ga,N,]. In contrast,
the layers in all these compounds are corrugated and the metal content between
the layers is three times as high as in HP-NiB,0O,, leading to a different crystal

structure.

CdB,O, (Chapter 4.1.7, page 94)

CdB,0, was synthesized at conditions of 7.5 GPa and 1100 °C starting from the
binary oxides CdO and B,0,. Its network structure consists of corner-sharing BO ,-
tetrahedra, interconnected to layers. The layers consist of “Sechser” rings, showing
two types of tetrahedra orientation: an
UDUDUD topology and an UUUDDD
topology (U — up, D — down) in the ration
1: 3. Figure 6.5 gives a view of the crystal
structure of the cadmium borate and dis-
plays the two arrangements inside of a layer
as well. Due to single crystal structure in-

vestigations, including the consideration of

twinning by merohedry and the introduc-
tion of a twofold rotation axis, the hexa-
Figure 6.5: Crystal structure of CAB, 0. gonal structure (P63, Z = 8) could be re-
fined with the parameters a = 886.64(3),
¢ — 717.38(3) pm, R1 — 0.0178, and wR2 — 0.0388 (all data). The structure
of CdB,0, is closely related to the structure type of the compounds BaGa,O,,
KAISiO,, KGeAlO,, KCoPO,, CaP,N,, and SrP,N,. Except for CdB,0, all men-
tioned compounds form a superstructure, which means that CdB,0, is the first
representative, showing a threefold smaller basic cell. This is confirmed by electron

diffraction experiments.

M,B,,0,,0OH (M — Fe, Co) (Chapter 4.1.8, page 105)
The non-centrosymmetric borates M;B;,0,,0H (M — Fe, Co) were obtained at
7.5 GPa and 1100 °C (Fe)/ 880 °C (Co). The crystal structures were solved on the

basis of orthorhombic unit cells in the space group Pmn2; with the parameters
a — 771.9(2), b — 823.4(2), ¢ — 1768.0(4) pm, R1 — 0.0479, and wR2 — 0.0930
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(all data) for Fe;B,;0,,OH and a =
770.1(2), b = 817.6(2), ¢ = 1746.9(4) pm,
R1 — 0.0516, and wR2 — 0.0954 for
Co3B,,0,40H. The length of the oxygen-
hydrogen bond was restrained to 98.2
pm in accordance to the bond-length
between oxygen and hydrogen in borax
(98.2(3) pm). The phases are built
up from corrugated multiple layers, com-
posed of BO,-tetrahedra. The layers
are interconnected to a network struc-
ture via non-planar, flat pyramidal BO,-
groups, generating Z-shaped channels in
which the cations are arranged. Figure
6.6 demonstrates the crystal structure of
M;B,,0,,0OH (M — Fe, Co) and zooms
in on one transition state borate group.

The non-planar BOj-groups (B11) repre-

.. b 1 Figure 6.6: Crystal structure of the high-
sent a transition state between a planar pressure borates MB,,0,,0H (M — Fe,

BO;-group and a tetrahedral BO,-group, Co) with an enlargement of the transition

because comparably large B-O-distances,
can also be found in boracites, which ex-

clusively consist of BO,-tetrahedra.

“Fe;B,0,,N” (Chapter 4.1.9, page 121)

state borate group.

A pressure of 7.5 GPa and a temperature of 1100 °C led to the high-pressure

phase “Fe;B;0,,N”. The structure could not be solved using Direct methods,

why the structure was solved by trial and er-
ror. The best results were achieved in the space
group F43c and the parameters Z — 8, a —
1222.4(2) pm, R1= 0.0643, and wR2 = 0.1699
(all data). The new phase is built up from
starlike shaped units, consisting of four BO;N-
tetrahedra linked wia one common edge. The
bridging, fourfold coordinated position is pre-
sumably occupied by nitrogen, which is coordi-
nated by four boron atoms in a tetrahedral way.
These starlike shaped units are linked over addi-

tional BO,-tetrahedra to form a network struc-

Figure 6.7: Crystal structure of the
high-pressure borate “Fe;B,0,,N".
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ture analogous to cubic boracite. Figure 6.7 represents the crystal structure of
“Fe;B.0,,N” with one starlike shaped building block highlighted in red and one
bridging tetrahedron shown in violet. The network is crossed by channels, con-
sisting of “Achter™rings in which the Fe?" ions are arranged. The iron cations
are located on a split position, which might be due to multiple pseudo-merohedral
twinning. However, trial refinements did not yield a more satisfactory solution so

far.

“Co3Bg0,3(0OH),” (Chapter 4.1.10, page 130)

“Co4Bg0,5(OH),” was synthesised via the high-pressure/high-temperature route
at 7.5 GPa and 800 °C in an 18/11-assembly. The crystal structure could be solved
on the basis of single crystal data and
was then refined in the space group R3c
with the help of a twin based on four twin
domains (Z — 24, a — 1747.4(2), b —
2140.1(2) pm, R1 = 0.0761, and wR2 =
0.1509 for all data). The complex network
structure is assembled of trigonal BO;- and
tetrahedral BO, -groups, being linked wia

twofold coordinated oxygen atoms (O 2! as

well as threefold coordinated oxygen atoms
Figure 6.8: Crystal structure  of (OB, Additionally, there exist isolated
“CoyBg0,4(0H),”. B(OH),-tetrahedra, which are positioned

in channels that cross the borate network.
The channels are built up by different “Achter” rings, composed either of eight
tetrahedra, of seven tetrahedral and one trigonal unit, or of six tetrahedra and
two trigonal BO4-groups. The rings are interconnected wvia strings consisting of
[(BO,)O P units, linked among each other by additional tetrahedra. Tnside of each
ring, the Co?" ions are located, which either are coordinated in a strongly distorted
octahedral way or by seven oxygen anions. These Co-polyhedra are interconnected
by the isolated B(OH),-tetrahedra resulting in chains.

6.3 Main Group Borates

B-BaB,0, (Chapter 4.2.3, page 150)

The new barium borate (-BaB,0O, was prepared under high-pressure/high-
temperature conditions of 7.5 GPa and 1100 °C. The orthorhombic phase
crystallizes in the space group Pmnb with the lattice parameters a — 1099.4(2),
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b =901.7(2), ¢ = 430.73(9) pm, Z = 2, R1 = 0.0199, and wR2 = 0.0406 (all data).
The network structure is composed of
corner-sharing BO,-tetrahedra isotypic to
the mineral barylite BaBe,Si,O,. The
framework is crossed by channels built up
from “Vierer” and “Sechser” rings. Inside
of the “Sechser” ring channels, the cations
are located, while the “Vierer” ring chan-

nels remain empty. The structure is closely

related to the orthorhombic high-pressure
phases 3-MB,O; (M = Ca, Hg, Sn) and Figure 6.9: Crystal structure of f-
the ambient-pressure phases MB,O, (M = BaB,0;.

Sr, Pb, Eu), but shows a different orien-

tation of the tetrahedra. Figure 6.9 demonstrates the crystal structure of the
orthorhombic barium borate, whereas differently orientated tetrahedra are high-
lighted in blue and red. 3-BaB,0O; can be regarded as the first centrosymmetric
variant of the compounds 3-MB,O, (M = Ca, Hg, Sn) and MB,0O, (M = Sr,
Pb, Eu). Interestingly the orthorhombic phases are isotypic to the mineral cli-
nobarylite BaBe,Si, O, which is polymorphic to barylite. DFT calculations led
to the assumption that BaB,O. in the (3-CaB,O, structure might be a second
high-pressure phase above 7.5 GPa.

5-BiB;0Og4 (Chapter 4.2.4, page 163)

To synthesize the compound 06-BiB;Og, high-pressure/high-temperature con-
ditions of 5.5 GPa and 820 °C were applied. Single crystal structure analysis
revealed the non-centrosymmetric space
group Pca2; and the parameters a =
1844.8(4), b = 444.95(9), ¢ = 428.06(9) pm,
Z — 4, R1 — 0.0304, and wR2 — 0.0664
(all data). The structure of the new
high-pressure polymorph of the important
NLO material BIBO («-BiB;0g) consists of

corner-sharing BO,-tetrahedra condensed

to layers, that are shifted by a c-glide plane.
These layers are interconnected wvia zigzag

chains of BO,-groups (red polyhedra in Fig-

ure 6.10), forming a network structure with
channels of “Sechser’- and “Zehner’-rings, Figure 6.10: Crystal structure of -

containing the metal cations. In contrast BiB;Og with lone pair at Bi".
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to the compounds y-RE(BO,),; (RE = La-Nd), which are isotypic to 8-BiB;0,
the bismuth phase shows a different coordination of Bi®". The reason for this
is a sterically active lone pair localized at Bi®*". DFT calculations confirmed the
existence of a lone pair which points toward the “empty” space above the bismuth

atom.

-SnB,O, (Chapter 4.2.5, page 173)

High-pressure /high-temperature conditions of 7.5 GPa and 1100 °C succeeded in
the synthesis of the first crystalline tin borate (3-SnB,0O,. The crystal
structure was solved on the basis of
single crystal data in the space group
Pmn2,; with two formula units per unit
cell and was refined to the parameters
a — 1085.34(4), b = 444.84(3), ¢ =
423.43(3) pm, R1 = 0.0155, wR2 = 0.0324
(all data). The non-centrosymmetric crys-
tal structure is solely composed of corner-
sharing BO,-tetrahedra and is isotypic to
the mineral clinobarylite BaBe,Si,0,, to
the high-pressure phases (3-CaB,0; and
3-HgB,O,, as well as to the ambient-
pressure phases SrB,0,, PbB,O,, and

Figure 6.11: Crystal structure of &-
BiB;O4 and vizualization of the sterically ) ) ] )
active lone pair at Sn2". nels, which consist of “Vierer” and “Sechser”

EuB,O,. The network is crossed by chan-

rings, whereas the tin cations are arranged
in the “Sechser” ring channels, while the “Vierer” ring channels remain empty. The
main difference between the isotypic phases consists in the coordination of the
Sn?" ions, compared to the other cations. The reason for this, may be the steri-
cally active lone pair localized at Sn*". DFT calculations support the existence of
the this active lone pair in 3-SnB,0,, but it is not yet clear why the isostructural

lead compound shows no distinctive asymmetry.
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7.1 Abbreviations

0] Average C.N. Coordination number

kbar Kilobar kHz Kilohertz

C Degree Celsius kJ Kilojoule

A Angstrgm kv Kilovolt

) Chemical shift parameter LMTO Linear Muffin-Tin Orbital

n Asymmetry parameter MAS Magic Angle Spinning

A Wave length mg Milligramme

up Effective Bohr magneton MHz Megahertz

p Density min Minute

X Magnetic susceptibility mm Millimetre

ca., ~ circa MQMAS  Multi-Quantum Magic-Angle Spinning
CCD  Charge Coupled Device NIR Near Infra Red

cm Centimetre NLO Non Linear Optics

cm~!  Wavenumber nm Nanometer

d Distance NMR Nuclear Magnetic Resonance
DFT  Density Functional Theory NP Normal Pressure

EDX  Energy Dispersive X-Ray Analysis PDOS Partial density-of-states

e.g. Exempli gratia PET Polyethylen

EELS Electron Energy Loss Spectroscopy pm Picometer

ELF Electron Localization Function ppm Parts per million

et al. Et alii PSD Position Sensitive Detector
Fa. Firma, engl. company PTFE Polytetrafluoroethylene

g Gramme RE Rare Earth

GPa Gigapascal s Second

Goof  Gooduness of Fit SEM Scanning Electron Microscope
h Hour SOQE Second Order Quadrupole Effect
HP High Pressure t Ton

I Intensity T Tesla

ICSD  Inorganic Crystal Structure Database UV Ultraviolet

IR Infra Red \% Volume

K Kelvin Z Formula Units
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7.2 Curriculum Vitae

Personal Information

24/09/1979

Education

Johanna Sibille Knyrim

Born in Regensburg (Bavaria), Germany

Second child of Brigitte Knyrim (Teacher, Galerist) and
Helmut Knyrim (Teacher, Artist)

Nationality: German

Family status: Single

since 11,/2005

12/2007

09,/2005

10,/2000-09/2005

10/1999 09/2000

06,/1999
1985 1999
1985 — 1989

PhD Studies in the group of Univ.-Prof. Dr. H. Hup-
pertz at the Department of Chemistry Ludwig-
Maximilians-Universitat Miinchen; PhD thesis entitled
“Synthetic Investigations into Main Group and Transi-
tion Metal Borates at Extreme Conditions”
Romer-Award (Dr. Klaus Roémer-Foundation; URL:
http://www.cup.uni-muenchen.de/roemer/index.php)
Diploma thesis in the group of Univ.-Prof. Dr. H. Hup-
pertz at the Department of Chemistry Ludwig-
Maximilians-Universitdt Miinchen with the title “Syn-
thesis and Characterization of the New Ozoborates HP-
SnB,0, and HP-HfB,Oy”

Basic and advanced chemistry courses at the Ludwig-
Maximilians-Universitat Miinchen

Basic courses in process engineering at the University of
Applied Sciences Regensburg

Abitur at the Goethe-Gymnasium Regensburg
Secondary education: Goethe-Gymnasium Regensburg

Primary education: Kreuzschule Regensburg
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7.3 Publications

Most of the here pesented results are already published. The following lists all

conference contributions and papers.

7.3.1 Conference contributions

4. Felix W. Roefsner, Johanna S. Knyrim, Hubert Huppertz
HP-NiB,0,: The first borate presenting edge-sharing at all BO ,~tetrahedra
Joint 21st AIRAPT and 45th EHPRG International Conference on High Pres-
sure Science and Technology, Catania (Italy), 17/09 — 21/09/2007.

3. Johanna S. Knyrim
Die Hochdruckphasen FeB,0, und CdB,0, (Talk)
Festkorper-Seminar Hirschegg, Hirschegg (Austria), 07/06 — 10/06/2007.

2. Johanna S. Knyrim, Hubert Huppertz
Hochdrucksynthese und Kristallstruktur des neuen Fisenborates FeB,0,
(Poster)
15. Jahrestagung der Deutschen Gesellschaft fiir Kristallographie, Bremen,
05/03  09/03/2007.

1. Johanna S. Knyrim, Hubert Huppertz
Hochdrucksynthese und Kristallstruktur des silicat-dhnlichen Hafniumborates
(B-HfB,O; (Poster)
14. Jahrestagung der Deutschen Gesellschaft fiir Kristallographie, Freiburg,
03/04 — 06,/04/2006.

7.3.2 Papers

9. High-pressure Synthesis and Characterization of the Alkaline Earth Borate
p-BaB,0,
Johanna S. Knyrim, S. Rebecca Romer, Wolfgang Schnick, and Hubert Hup-
pertz
Solid State Sci. 10 (2008) in press.

8. Synthesis and Crystal Structure of the High-Pressure Iron Borate o-FeB,0,

Johanna S. Knyrim and H. Huppertz
J. Solid State Chem. 181 (2008) 2092-2098.
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7. Synthesis and Crystal Structure of the New High-Pressure Phase CdB,0,
Johanna S. Knyrim, Holger Emme, Markus Dd&blinger, Oliver Oeckler,
Matthias Weil, and Hubert Huppertz
Chem. Fur. J. 14 (2008) 6149-6154.

6. High-Pressure Synthesis, Crystal Structure, and Properties of the First
Ternary Zirconium Borate (3-ZrB,0;
Johanna S. Knyrim and Hubert Huppertz
Z. Naturforsch. B 63 (2008) 707-712.

5. High-pressure Syntheses and Characterization of the Transition Metal Borates
B-MB,0, (M = Mn*", Ni**, Cu®’)
Johanna S. Knyrim, Jana Friedrichs, Stephanie Neumair, Felix Roefner,
Yvonne Floredo, Stefanie Jakob, Dirk Johrendt, Robert Glaum, and Hubert
Huppertz
Solid State Sci. 10 (2008) 168-176.

4. Bxclusive Formation of Edge-Sharing BO, Tetrahedra in the High-Pressure
Borate HP-NiB,0,
Johanna S. Knyrim, Felix Roefsner, Stefanie Jakob, Dirk Johrendt, Isabel
Kinski, Robert Glaum, and Hubert Huppertz
Angew. Chem. 119 (2007) 9256-9259; Angew. Chem. Int. Ed. 46 (2007)
9097-9100.

3. High-Pressure Synthesis, Crystal Structure, and Properties of the First
Ternary Hafniumborate 3-HfB,0,
Johanna S. Knyrim and Hubert Huppertz
J. Solid State Chem. 180 (2007) 742-748.

2. A New Non-Centrosymmetric Modification of BiB ;04
Johanna S. Knyrim, Petra Becker, Dirk Johrendt, and Hubert Huppertz
Angew. Chem. 118 (2006) 8419-8421; Angew. Chem. Int. Ed. 45 (2006)
8239-8241.

1. Pressure-Induced Crystallization and Characterization of the Tin-Borate [3-

SnB,0,

Johanna S. Knyrim, Falko M. Schappacher, Rainer Pottgen, Jorn Schmedt
auf der Giinne, Dirk Johrendt, and Hubert Huppertz

Chem. Mater. 19 (2007) 254-262.
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7.4 CSD-Numbers

The CIF-files (Crystallographic Information File) of the following compounds were
deposited at the Fachinformationszentrum Karlsruhe, 76344 Eggenstein Leopolds-

hafen, Germany.

B-HfB,O,  CSD-417031
3-ZrB, 0O, CSD-418931
3-SnB,O,  http://pubs.acs.org
CdB,0, CSD-419180
a-FeB,0,  (CSD-419183
B-BaB,O, CSD-419469
B-MnB,O. CSD-391409
B-NiB, O, CSD-391407
p-CuB,0O, CSD-391408
HP-NiB,O, CSD-418385
5-BiB,O;  CSD-416822
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