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1. Introduction

1. Introduction

Although high pressure - high temperature synthleasslong been of importance in
mineralogical and materials research, and in thieigtrial production of synthetic
diamond or cubic boron nitride for abrasive apgiass, it is only in more recent
times that preparative solid state chemistry hagubeto exploit the technigue.
However, the potential for synthesis of novel materotherwise unattainable under
ambient pressure is becoming apparent. This iesludompounds exhibiting
elements in uncommon oxidation states (e.g. Cr(ix) SrCrG ?), unusual
coordination environments (e.g. octahedrally-camatid Si in stishovite Sid), new
modifications of known compounds (e.g. HP-Bet) as well as entirely new
compounds (e.g. #g °). In principle, the scope of possibilities isgar For the

purposes of this thesis two specific areas hava bekected for investigation:

1. New crystalline modifications of binary oxidesddfluorides

2. Investigation and/or synthesis of ternary oxidled oxosalts

1. Binary oxides and/or fluorides of group 14 & éements (e.g. SafFBi,03)
are of particular interest, since many of them remargely unexplored at high
pressure - high temperature conditions. When ldgm@ents are present in their lower
oxidation states (i.e. N-2, where N = group valgntleey often exhibit a
stereochemically active lone pair, resulting in iataited crystal structure. The
importance of such lone pairs in structural chemistas described previously. In
particular, from considerations of various oxidad axide-fluorides of Sb(lll), Pb(lI)
and Bi(lll) it was shown that the volume occupieg such lone pairs can be
approximated to that of an oxygen at®minvestigations (at ambient pressure) of
compounds containing lone-pair-bearing cations tswee been steadily increasing,
particularly as a result of their interesting stuual features. They are characterised
by relatively loose crystal structures in which tlome pairs are systematically
oriented into hollow cavities/tunnels (e.g.s00)3(PQy)s, © SO(C40,)(H-0), *9)

or interlayer spaces (e.g. KI&F, ' Cuzn(TeQ)Cl, *9. Due to the anisotropic
environment of the lone-pair bearing cations thegynexhibit a high electrical




1. Introduction

polarisability (e.g. P¥D, %) and may be potential ferroelectrics (e.g:TBO1; *¥) or
piezoelectrics (e.q-TeO; ). Furthermore, reorientations of the lone paiesfaund

to play an important role in temperature-inducedagegh transitions of some
compounds e.g. BY,0s.'° Reports as to the response of such lone-pair conys

to high pressure are still somewhat limited, butlude a few experimental
investigations (e.g. BB, ** SeQ,'® Sn0 PbO? 2} as well as theoretical studies
(e.g. TIF? and TIl / InBr / In1*®). When considering the response of the lone pairs
under high pressure, several scenarios can beageds On the one hand the lone
pairs could be forced into a pure s-type statesanidecome stereochemically inactive.
Indeed, even at ambient conditions some well kntlame-pair compounds” already
adopt high-symmetry crystal structures without aign of the lone pair; for example
PbS or SnTe (which adopt the ideal rock salt stnejt The presence of a
stereochemically active lone pair was long attedouto intra-atomic hybridisation of
the né orbital with an empty p orbitaf however recent studies indicate that
interactions with anion p orbitals play a decisnade, which explains why some
compounds are lone-pair active (e.g. PbO, SnO)swvbihers are lone-pair inactive
(e.g. PbS or SnTéf.%° 2" Another situation under high pressure would ks the
valence band (in most instances containing the pmes) and the conduction band
will broaden or overlap, leading to semiconductimy metallic behaviour
respectively’® Finally, in mixed valence lone-pair compoundsg(ePh0,) it is
possible that delocalisation of the lone pairs megur (rendering the valence states
of the respective cations indiscernible), yieldegartially filled band at the Fermi
level and inducing metallic behaviotir. The relatively large amount of empty space
available in the crystal structures of lone-paimpounds is what makes them
particularly suited to high pressure - high temper investigations, since under
these conditions a polymorphic transition to a éerghase (perhaps with elevated
coordination of the cations) can be anticipated,ctvhmay remain metastable
following return to ambient conditions. The anipacking densities (calculated
according toLiebau et al’ using Shannon-Prewitt ionic rathi and associated
crystallographic data for selected binary oxides fumorides of group 14-15 elements

are given in Table 1.1.

10



1. Introduction

Table 1.1: Anion packing densities (&) and associated crystallographic data of selecteanary

oxides and fluorides of group 14/15 elements (bothith and without lone-pair for comparison)

Compound Ref. VC [AS] z Nanion Vanion [A 3] Fanion [A] dAP Vanion [Cmamorl]

c-Sho; 2 13869 16 48 28.89 135  0.357 17.40
Sh,Os s 318.35 4 20 15.92 1.35  0.647 9.59
Pb;O, 3 508.01 4 16 31.75 1.35  0.325 19.12
B-PbO, ® 83.27 2 4 20.82 1.35  0.495 12.54
a-Snk % 85393 16 32 26.69 1.30  0.345 16.07
SnF, 37 130.18 2 8 16.27 1.30  0.566 9.80

2. In contrast to binary compounds, when we movedoononsider ternary (or

even higher-component) systems, the number of d#npossibilities to explore
increases immensely. On the one hand this camudachigh pressure - high
temperature investigations of pure ternary compeumgkerhaps for finding new
crystalline modifications (e.g. orthopyroxene-typaCQ, containing tetrahedral GO
units®®), or alternatively chemical reaction between d#éfe compounds under high
pressure - high temperature conditions with the afnsynthesising a new ternary
compound that is not attainable at ambient pregguge reaction of G® and CsN@
to give CsNO, . CgNO, is an example of an orthonitrate, a salt of theoliyetical
orthoacid HNO,. Other orthosalts could also be envisaged, whichy be
synthesisable at high pressure - high temperatonelittons from a mixture of the
corresponding oxides and oxosalts (e.g. ZRk RbSeQ — RbSeQ). A further
exciting option would be the high pressure - higimperature investigation of binary
compounds - esp. mixed valence lone-pair bearingipoands (e.g. R, -
intercalated with small amounts of reducing atomg.(Li atoms via reaction with n-
butyl lithium*®) or oxidizing atoms (e.g. F atoms via reactionhwKeFR,). This
provides an alternative strategy to studying theepainary compound under high
pressure - high temperature conditions, and mayitéde the stabilisation of new

metastable phases (which may exhibit useful pragsee.g. metallic conductivity).

11



2. General Section

2. General Section

2.1 Preparative Methods

Several reagents and/or products handled througtheutcourse of this work are
highly sensitive to moisture and/or oxygen (e.g.@®Rlor As0s), thus necessitating
employment of inert conditions. Correspondingliyralevant work was carried out
under an atmosphere of purified/dried argon as emphted within the Schlenk
technique and/or carrying out all other operatianthin an inert atmosphere glove

box. Thermally unstable samples were stored inltaa-low temperature freezer.

2.1.1 Schlenk Line

The Schlenk line (or vacuum-gas manifold) essdptiedmprises a dual manifold
with several ports, with one manifold connectea@ teource of purified argon and the
other to a high vacuum pump (see Fig. 2.1). Raarse, Argon 5.0 (99.9995 %, Low
Temperature Service, Max Planck Institutes, Stuffgmas passed in a copper pipe
through a bubble counter containing paraffin ail ¢heck flow rate), before being
guided via a pressure relief valve through founfmation columns containing silica
gel, potassium hydroxide, molecular sieve (porethwid3 A) and phosphorus
pentoxide on an inert support (Sicapent, Merckpeesvely. To remove final traces
of O, and N the gas was passed through titanium dioxide spamge ~ 700 °C,
before being delivered to the Schlenk line via ppss pipe. For generation of high
vacuum (down to ~ I® mbar), the vacuum manifold is connected via a hosa
rotary vane pump (RV5, Edwards), with an intermedieold trap (kept in liquid
nitrogen) to prevent vapours from contaminatingghenp. For pressure monitoring,
a Pirani gauge (Thermovac TM 20, Leybold) is cotedo the vacuum line, which
allows measurement across a range of tb01 mbar. High vacuum silicone grease
(Wacker) is applied to all ground glass joints, isthiaps are made of Teflon. Routine
operations carried out with aid of the Schlenk linelude portioning of substances
into ampoules (which are sealed off by welding) dnging of materials by heating

under vacuum. Vessels connected to the line avayal evacuated and carefully

12



2. General Section

heated with a blue Bunsen flame and flooded witjparin successive cycles to

remove all traces of moisture from the inner walls.

manometer

!

vacuum-line connection with vacuum pump

v
C -
argon-line Ar —

( ¢ £

Fig. 2.1: Schematic representation of a Schlenk I

2.1.2 Glove Box

All experimental operations that could not be cardd in conjunction with a
Schlenk line (e.g. precise weighing, recovery ofhkhpressure samples post-
experiment, preparation of KBr pellets for IR spestopy etc) were carried out in
argon atmosphere glove boxes (M. Braun, 3 modeB:180BG-II, MB 200 and MB
200B). Pre-purification of the argon deliveredhie box is accomplished by passing
the gas over a heated copper electrode (to remmage §) and a molecular sieve (to
remove trace kD), whilst the integrity of the atmosphere is mored continuously
by gas analysers (with ppand [HO] nominally at < 0.6 ppm and < 0.2 ppm
respectively. Airlocks enable the transport of ipment/substances into and out of

the glove box without contamination of the interathosphere.

2.1.3 Ultra-Low Temperature Freezer

Thermally unstable samples encountered duringdhbese of this work were stored in

an ultra-low temperature freezer “Vip Series 288, MDF-U70V, Sanyo Electric Co.

13



2. General Section

Ltd, Japan (CFC-free refrigerant) with effectivgaeity of 728 | and emergency ¢O

cooling system. Samples were stored at a temperafica. -70C.
2.2 High Pressure - High Temperature Experiments

2.2.1 Fundamentals

The effect of a change in pressure and/or temperatu a chemical substance can be
understood by considering how these parametersekated to U (internal energy), S

(entropy), G (Gibbs free energy) and V (volume):
AG =AU + pAV - TAS

Under specified conditions of p and T, a substanciés thermodynamically stable
modification corresponds to a minimum in G. Howewep and/or T are changed the
minimum may correspond to a different arrangemehtatoms (i.e. different
modification). In general an increase in presswi# favour a more dense
modification, since at high pressures th&Vpterm becomes dominant and only a
negative AV will ensure thatAG is negative. Conversely, at high temperatures
modifications containing higher disorder are fawulrsince the AS term begins to
dominate and\S must be positive to allow for a negatv&. A negativeAG means
that a structural transition will be spontaneousyéver it does not mean that it will
necessarily be observed. The rate of a transdiepends on the rate constdnt
according to the Arrhenius formula (whergi& the pre-exponential factor, 5 the

activation energy, R the gas constant and T thpeeature):

k = kg ex;{_ Eaj
RT

Therefore, if Bis small and/or T is high the transition will beié By contrast, if E

is large and/or T is low the transition will be gfjish. The fact that many substances

persist indefinitely under ambient conditions inavlare actually thermodynamically

14



2. General Section

unstable modifications (e.g. carbon as diamonth)us attributable to kinetic stability.
They are often described as being metastable eti&ally inert. The application of
high pressure and high temperature to a substamceduce structural transition to a
new high-pressure modification, which may remainanmetastable state when
brought back to ambient conditions. This openspgbssibility to gather valuable
information about the high pressure - high tempeeatbehaviour of chemical
systems, whilst also enabling a range of ex-sitwestigations of the metastable
product to be carried out. This approach formsoidesas of the work described in this

thesis.

2.2.2 Large Volume Presses

The experimental approach adopted throughout tlusk wlepended on the use of
hydraulically operated 'large volume' presses redhdistinct geometric setups. For
this the facilities of the High Pressure Synth&Smeup (Department Jansen, Max-
Planck-Institute for Solid State Research, Stutjgaere employed. This included a
piston-cylinder press, a belt press and a multitggress. The force generated by a
hydraulic ram is transferred via suitable anvilsatemall sample volume in order to
generate large pressures (c.f. pressure = foraed).a Moreover, the geometric
designs are optimised so as to improve both tlenatile sample pressure as well as
the degree of hydrostatic character it posseddesvever, the higher the pressure the
more the 'damping’ effect due to the elastic respaof the anvil material to the
applied load, which necessitates the use of caldmraurves relating applied load to
sample pressure. Sample heating is achieved luyriebd resistance heaters and

temperature monitored/controlled via an in-situiin@couple.

2.2.2.1 Piston-Cylinder Press

A piston-cylinder press adapted according to Wadole§' and capable of achieving
pressures up to ~ 2 GPa and temperatures as hig®33°C has been employed (see
Fig. 2.2). This press is suited to experiments re/henly modest pressures are

required (e.g. chemical syntheses). One advantagke relatively large sample

15



2. General Section

volumes that can be used (up to ~ 603nnThe press assembly is constructed from
steel and is powered by a hydraulic oil pump. TFheple capsule is embedded
within a pressure medium of sodium chloride, whidlows for a quasi-hydrostatic
pressure to be transmitted to the sample. Furthrernthe use of such a medium
allows for some flexibility in the size/shape ofrgale capsule used (maximal length ~
11 mm). It is surrounded by a tubular graphitastaace heater which allows for
sample heating. Temperature measurement/contraffosded by an insulated Ni-
Cr/Ni thermocouple that is held in a steel tubeated close to the sample. The
uniaxial load generated by the press is directadeésample by way of a 3-piece steel
module (see Fig. 2.3). Of this the central matorsists of steel rings surrounding a
hollow cylindrical core of tungsten carbide, insmfewhich the pressure cell (see Fig.
2.4) is located. The pressure cell is compresstdiden two cylindrical tungsten
carbide anvils. The lower anvil is held in plagethe lower matrix and possesses a
hole through which the thermocouple runs. Holldeekrings in the lower and upper
matrices and holes in the outer ring of the centnalrix allow for a continuous
circulation of cooling water during experiments {@ratightness is ensured by pairs of
rubber rings trapped between the matrices).

Fig. 2.2: The piston-cylinder press used in this w
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2. General Section

Fig. 2.3: The three matrices of the piston-cylindepress module, along with the pressure cell

components (displayed in the foreground)

Boron nitride plug

T~ Tungsten carbide anvil

Powdered NaCl

(pressure medium) \ _

Sample capsule \

Graphite dise

Boron nitride disc | Tubular graphite furnace

Pre-pressed NaCl core

Steel tube —— S
Thermocouple —— Pyrophillite ring
—_— /

Boron mitride sleeve
Pyroplullite sleeve

———""’-"-..’

Pyrophillite sleeve

\_
A\\\ YN

Fig. 2.4: Schematic cross-section of the pressurellcof the piston-cylinder press

Tungsten carbide anvil

Lower matrix

\
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2. General Section

2.2.2.2 Belt Press

A belt press (PUS 300A, Diefenbacher GmbH, Eppihgespable of achieving
sample pressures up to 8 GPa and temperatures06f°C2has been used (see Fig.
2.5). Sample volumes of around 45-50 feoould be routinely accommodated.
Sample compression is achieved by a pair of opposeital tungsten carbide anvils
and is powered by a hydraulic oil pump. The loamrvil is part of the lower matrix,
which together with the central matrix comprises belt module assembly (see Fig.
2.6), whilst the upper anvil remains fixed insitie press. The central matrix houses
a tungsten carbide core with a biconical hollowidiwhich the pressure cell is built).
This is surrounded by two conical steel supporgsiand a hollow outer ring that
allows for cooling water circulation. The hydraulpump forces the assembled
module upwards onto the upper anvil. The unialkiatl generated is transmitted to
the sample via the pyrophillite assembly that sumds it. Pyrophillite is a layered
silicate that begins to flow under pressure anthis manner allows for the exertion
of a quasi-hydrostatic pressure on the sample. udeeof conical anvils leads to
strong tangential forces, for which reason they aolgl-pressed into a set of three
conical support rings made of tungsten carbide siadl respectively. The resultant
strain in the metal acts in opposition to the fereeising during the experiment and
increases its mechanical strength. Sample hemtiaghieved by means of a graphite
resistance heater surrounding the sample capdatsr{eal contact between the anvils
and heater being afforded by molybdenum discs argd), whilst the temperature is
monitored via a Ni-Cr/Ni thermocouple (see Fig.)2.Electrical insulation between
the sample capsule and furnace as well as betweeits and central matrix is
provided by the inner pyrophillite tube and pyrdjiel cones respectively. Thermal

insulation is afforded by the corundum discs sédanside the molybdenum rings.

18



2. General Section

Fig. 2.5: The belt press used in this work (refurtshed, with state-of-the-art electronic control

panel)

Fig. 2.6: The two matrices of the belt press modula@long with pressure cell components

(displayed in the foreground)

19
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Upper tungsten carbide anvil

Pyrophillite
cone
Corundum dise
Mo ring
Mo disc
Outer/inner
pyrophillite
tubes
Sample capsule

N
L

Biconical tungsten
carbide matrix

Tubular graphite

furnace
Pyrophillite
plug

\

Thermocouple

Lower tungsten carbide anvil

Fig. 2.7: Schematic cross-section of the pressurelicof the belt press

2.2.2.3 Multi-Anvil Press

A ‘6/8 type’ multi-anvil press (1000-Tonne, Voggeiter & S6hne GmbH, Mainleus)
equipped with a steel Walker module was employed (&g. 2.8), by means of which
sample pressures up to ~ 27 GPa and temperatureglasas ~ 2300C can be
achieved. The uniaxial load generated via a hydrail pump is exerted vertically
onto the Walker module by a cylindrical ram (prigjmanvil) and redirected internally
by secondary and ternary anvils in order to crepi@si-hydrostatic conditions (see

20



2. General Section

Fig. 2.9). The secondary anvils comprise a ssixo$pecially-designed steel wedges
each of which possesses a square face. By cotti@asernary anvils consist of an
assembly of eight sintered tungsten carbide cuvekH: 32 mm) arranged to form a
larger 2x2x2 composite cube. The tungsten carbidees contain some cobalt for
improved mechanical strength/durability. The urahload exerted upon the module
is therefore distributed via the square faces efdfeel wedges to the six faces of the
2x2x2 assembly of tungsten carbide cubes. Theec®wf the tungsten carbide cubes
are truncated (giving triangular faces) such thmmbetahedral void is formed at the
centre of the 2x2x2 assembly. This octahedral Jsidbccupied by a sintered
MgO/Cr,O3z octahedron (which exhibits compressibility and wise characteristics for
an improved hydrostatic pressure medium). Thusntieehanical load distributed
across the six faces of the 2x2x2 composite of dtarg carbide cubes is finally
transferred to the eight triangular faces of theWigy,O; octahedron (see Fig. 2.10).
The sample capsule is located at the centre oMi®/Cr,O3 octahedron. Sample
heating is accomplished by means of a LaCré€sistance heater (graphite is less
suitable at higher pressures/temperatures as é@rgads transformation to diamond).
A molybdenum ring and disc ensure electrical cdanbatween the heater and the two
tungsten carbide cubes coaxial with it. The ladtéin contact with the adjacent steel
wedges via small copper strips. Direct physicatfglcal contact between the
individual tungsten carbide cubes is avoided by aseyyrophillite gaskets and
cardboard/Teflon insulation. Temperature measuneénge accomplished by a W-
5%Re/W-26%Re thermocouple, which is inserted cdatdathe LaCrQ heater.
Depending on the pressure required for an expeti@eunitable octahedron size and
corresponding set of WC cubes has to be used l(recassure = force / area). For p
< 7.5 GPa a 25/15 set was used (which can accontmadsample capsule of 4 mm
diameter). The numbers designate the octahedmga ledgth (mm) and the truncated
edge length of the tungsten carbide cubes (mm)ectisgly. Other sets include:
18/11 (p < 11.5 GPa, 2 mm capsule), 14/8 (p < 1,@Rnm capsule), 10/5 (p < 20.5
GPa, 1.7 mm capsule) and 10/3.5 (p < 22 GPa, 1.2capsaule). Furthermore, the
maximum temperature attainable also varies betweeifferent sets and is another

factor that has to be considered when choosingpropriate set.
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Polished face of wedge

Tungsten carbide cubes Top plate 1 (in contact with cubic
anvils)

Tool steel
wedges

Ceramic
—roctahedron

- Loose
containment
ring
! Recessed path for
thermocouple wires
Thermocouple wire Base plate P

Uniaxial load

Fig. 2.9: Schematic cross-section of an assembledalker module (left) and bird's-eye view of
open Walker module containing only the lower threesteel wedges (right). (Image borrowed from

http://www.esc.cam.ac.uk)
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MgO/Crz03 octahedron

Mo ning
Corundum tube &
thermocouple

MgO tube

Sample capsule

MgO sleeve
LaCrOs furnace
7105 tube

MgO plug

;: | MgOring

Fig. 2.10: Octahedron surrounded by eight truncatedWC cubes (left) and schematic cross-

section of an assembled octahedron (right)

2.2.3 Pressure Calibration

Pressure calibration in the context of ‘large vaupresses means determining the
relationship between the applied load generatedhiey hydraulic pump (usually
quoted as an oil pressure in bar) and the pressqyrerienced by the sample (usually
quoted in GPa) across the full working range ofresp with fixed geometry (see
calibration curves in Section 6). The procedurefien carried out by measuring the
resistance of certain metallic elements (e.g. BaSB, Tl) as a function of applied
load, and locating certain pressure-induced phasesitions, which are identified by
discontinuities in the resistance plot. This mdthe particularly suitable for
calibration in the lower pressure regime (p < 15afzPowever for calibration at
higher pressures the semiconductor to metal tiansibf various semiconductors are
required (e.g. ZnS at p ~ 15.6 GPa, GaAs at p 3 G®a and GaP at p ~ 22 GPa).

2.2.4 Sample Capsules

For all three ‘'large volume' presses the sampleterumvestigation had to be

contained in inert sample capsules. The advantagee case of the piston-cylinder
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2. General Section

press is that the capsules do not have to be pigrfegindrical. Thus metallic
ampoules (e.g. of Au or Pt) with welded ends cande (diameter: 4 mm; maximum
length: 11 mm), which offer the advantage of prgkexh air-tightness (for air-sensitive
materials). The sample is filled into an ampouiéhvene pre-welded end, and the
other end pinched tight. Once removed from theeloox the pinched end is sealed
using a gas burner whilst the rest of the ampaukispended in an ice bath (to avoid
sample heating). By contrast, the geometric sefuthe belt and multi-anvil presses
Is such that the sample capsules must be of adcidal shape with defined length to
width ratios in order to be compatible with theeasbly, and thus have to be tailor
made. They were available in different materialg,(Au, Pd, Pt, Ta, AD; and
hexagonal BN etc), varying sizes (1.2 mm, 1.7 mmmi@ and 4 mm width) and
designs (see Fig. 2.11). Belt press experiments weariably conducted with 4 mm
capsules, whilst multi-anvil experiments could lbaducted with capsules of varying
sizes depending on the desired target pressurdemece octahedron-anvil set used.
As implied by their names, the 3 designs (‘plasttew cap' and 'double cup’) differ
only in the manner in which the capsule is closeith the degree of air-tightness
roughly decreasing in the order ‘double cup' >elsatap®> 'plain’. Due to fabrication
issues 'double cup' and 'screw cap' types were avaylable for metallic capsules
(ceramic capsules, e.g. 28; or hexagonal BN, were exclusively of 'plain’ type)
Additionally, ceramic (AlOs or hexagonal BN) capsules that fit inside a mietall
‘plain’ capsule were also available (e.g. for aimsstive materials that react with ‘inert’

metals at high pressure/temperature), and are teinlay capsules'.

Fig. 2.11: Au capsule (width: 4 mm) in 3 designsplain' (left), 'screw cap' (centre) and 'double
cup' (right)
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2.3 High - Temperature Laboratory Furnaces

During the course of the work presented in thisigi@ome solid state syntheses at
high-temperature conditions have also been perfdymvaich were invariably carried
out for the purpose of complimenting certain firghnmade at high pressure - high
temperature conditions. The syntheses were coeducsttube furnaces (LOBA type,
HTM Reetz GmbH, Berlin) featuring KANTHAL heatingin®@ and capable of
achieving temperatures up to ~ 100 The temperature is monitored using Ni-

Cr/Ni thermocouples and regulated by Eurothermrodsit

2.4  Analytical Methods

All materials studied by high pressure - high terapge experiments on the 'large
volume' presses were invariably analysed ex-sitinless otherwise stated, all such
ex-situ analyses were conducted using in-housétiesiof the Max-Planck-Institute
for Solid State Research, Stuttgart (DepartmenselanX-Ray Diffraction Service
Group and Spectroscopy Service). A descriptivevesurof the main analytical

methods employed is given as follows.

2.4.1 Powder Diffraction Techniques

In general most samples obtained at high-pressomeittons are microcrystalline.
Consequently powder diffraction techniques are pinecipal method by which
products recovered from the 'large volume' presses be structurally elucidated.
Powder diffraction techniques were used for taskgying from routine qualitative
phase analysis to the rather more challenging tdskolving entirely new crystal

structures.

2.4.1.1 Neutron Powder Diffraction

Neutron powder diffraction measurements of sampla® carried out at the Structure
Powder Diffractometer (SPODf) at FRM-II (Garching, Germany). Samples were
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filled into a vanadium cylinder (diameter: 8 mmAt a monochromator takeoff angle
of 155°, the Ge(551) monochromator yielded a wangile of L = 1.5483 A. The
wafer-stack monochromator consists of 17 Ge(5549tals with mosaicities of 20’ in
the horizontal direction and 11’ in the verticaladition. The detector array consists of
80 He-3 detector tubes coveriagl60° scattering range. The detectors are positio
sensitive in the vertical direction with an actleagth > 300 mm. Collimators of 300
mm height and 10divergence were placed in front of each detedbffraction
patterns were derived from the two-dimensional tigtantegration along the Debye-

Scherrer rings to achieve high-resolution diffractat high intensities.

2.4.1.2 Powder X-ray Diffraction

For X-ray diffraction measurements of powder sampléhree STADI-P
diffractometers (Stoe & Cie GmbH, Darmstadt) andre¢h D8 Advance
diffractometers (Bruker AXS GmbH, Karlsruhe) wereaigable. The STADI-P
diffractometers were equipped with either Cu (CusK. = 1.540598 A) or Mo (Mo-
Kag, A = 0.709300 A) fine focus tubes in conjunction wéttGe(111) single-crystal
monochromator. For the STADI-P diffractometer @paed with a Cu source, two
distinct detector setups were available. Shotttine measurements were carried out
using a bent IP-PSD (Image Plate Position Sendetector) with an opening angle
20 = 140 and resolutiolA20 = 0.10. Longer, more precise measurements were
carried out using a linear PSD detector with amtnameangle 2 = 6° and resolution
A20 = 0.08. In the case of the Mo source a linear PSD dataeas available. For
all three setups measurements in both Debye-Schenmgle (e.g. air-sensitive
samples sealed inside borosilicate glass cap#lasfe0.2, 0.3 or 0.5 mm diameter,
glass No. 14, Hilgenburg) and transmission geomé&yy. air-stable samples
dispersed on a thin layer of vacuum grease betiweehin polyethylene films) were
possible. For all 3 STADI-P instruments silicon$N) was employed as an external
standard for correction of the zero point. For B8 Advance instruments,
diffractometers equipped with both Cu (Cu:K\A = 1.540598 A) and Mo (Mo-#, A

= 0.709300 A) tubes in conjunction with Ge(220) a@e(111) single-crystal

monochromators respectively, were available. Twadirett instruments with Cu

26



2. General Section

sources were available - one in Debye-Scherrer mib@eother in Bragg-Brentano
geometry. For the former a Vantag-1 PSD with aenapy angle @ = 6 and
resolution A20 = 0.009 was used. This instrument was also equipped with a
calibrated water-cooled heater stage (mri Physkhe® Gerdte GmbH), with a
temperature stability < 1 K that could be used Hagh-temperature measurements
(see Section 6 for temperature calibration curve)For high-temperature
measurements, samples were typically sealed ingidgz glass capillaries of 0.2, 0.3
or 0.5 mm diameter. In the case of the Bragg-Bmemtgeometry a LynxEye PSD
detector with an opening angle o 2 3.5° was employed. Here powder samples
were loaded onto a flat Si-(911) low background glanholder (diameter: 32 mm) by
sprinkling the powder on a thin film of vacuum ggea The instrument with Mo
source was equipped with a LynxEye PSD detectonfeasurement of samples in
Debye-Scherrer mode and did not feature a watdedobeater stage during the
duration of the current work. For all 3 D8 Advanastruments the NIST line profile
standard SRM 660a (LgB was employed as an external standard for the

determination of instrumental parameters.

2.4.1.3 Crystal Structure Solution and Refinement

In essence powder diffraction patterns provide a-@imensional projection of the
reciprocal lattice of a crystal structure. Thusiedo inherent limits in detector
resolution, and especially for the case of crystalctures with low symmetry and/or
large lattice parameters, information regardingnstties of individual reflections is
lost due to peak overlap. Consequently, structotation and refinement methods
based on structure factors derived from extractiéation intensities usually cannot
be employed in such cases. However, if a crystattsire model is already available
then this problem can be circumvented by a metteveldped by H. M. Rietveltf. **

As a first step the lattice parameters, peak mgbihrameters and background are
usually refined by either the LeB&ilor Pawle§® method. Then the variable
parameters of the structural model (i.e. atomidtjmoss, site occupancies and thermal
factors) are consecutively refined until the extehagreement between the observed

profile and calculated profile (as determined \8ast squares fitting) is optimised.
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However, if no crystal structure model is availald@d no single-crystals can be
obtained), modern direct-space techniques basedlatral optimisation algorithms
(Monte-Carlo methods, simulated annealing, genatgorithms etc) as already
implemented in several software packages are isicrglg being exploited for the
challenging task of solving crystal structures frpowder diffraction data. During
the course of this work the commercial program TG@BAVersion 4.1 or 3.0, Bruker
AXS GmbH, Karlsruhe, Germany) was used for all etagf crystal structure
determination from powder diffraction data (X-ray aeutron) beginning with
indexing (iterative use of singular value decomposimethod) and Le-Bail/Pawley
fitting, to solution of crystal structures (via insilated annealing approd€has well
as the final Rietveld refinement. Peak profiles evgenerally described using the
fundamental parameter (FP) apprddchia direct convolutions of wavelength
distribution, instrument geometry and microstruetproperties. The background was
modelled with Chebychev polynomials in combinatieith a 1/D term to describe
air scattering at low diffraction angle. Anisotiopeak broadening was modelled
using the phenomenological microstrain model ofpBéms® Minor preferred
orientation effects and surface roughness enccethter Bragg-Brentano geometry
could be dealt with using spherical harmonics ddformalism of Pitschk&. For all
other work with powder diffraction data the WinXPO8Udftware package (Version
1.2, 2001, Stoe & Cie GmbH, Darmstadt) was employ€his included visualisation
of powder patterns (“Graphics” utility), data handl (“Raw Data Handling” utility),
zero-point correction (“Peak Calibration” utilitygalculation of theoretical powder
diffraction patterns (“Theoretical Pattern” utilitas well as routine qualitative phase
analysis of measured patterns with the aid of powdé#fraction database
(“Search/Match” utility, PCPDFWIN Version 1.2, JCBBCDD, USA).

2.4.2 Precession Camera & Single-Crystal X-ray Difaction

Crystals were selected inside a glove box withaiteof an optical microscope and
appropriate micro-tools, mounted on the drawn-guot a thin glass capillary (0.1 or
0.3 mm) via vacuum grease and sealed inside a waggllary (0.3 or 0.5 mm) using

a heating filament and then mounted into tubulaelssplit pins using molten wax.
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Laue photographs (for selecting the best crystalgje taken using precession
cameras (Huber Diffraktionstechnik GmbH & Co. KGnRting) equipped with a Mo
source plus zirconium filtersA(= 0.71073 A) and image plate detector systems.
Single crystal diffraction data was collected cBMART APEX Il three-circle single
crystal diffractometer (Bruker AXS GmbH, Karlsruhequipped with a Siemens X-
ray sealed tube (Mo anode) plus graphite monochianga = 0.71073 A) and 16 M
CCD detector. Data collection and reduction wasgopeed using the Bruker Suite
software package (Version 2008/3, Bruker AXS Imdadison, USA). Absorption
corrections were made using SADABS (G. M. Sheldri&rsion 2008/1, University
of Gottingen, Germany). Structure solution (vieedt methods) and refinement (via
full matrix least squares ofFwas carried out in the SHELXTL program packéty
means of the programs SHELXS-97 and SHELXL-97 retbpaly.

2.4.3 Selected Area Electron Diffraction (SAED)

Selected area electron diffraction (SAED) measurgmef samples were conducted
on a Philips CM200 UT transmission electron micopsc (TEM) within the material
science department at the Technische UniversitamBtadt. The microscope can
achieve an accelerating voltage up to 200 kV, atpasolution of 0.24 nm, and is
equipped with a Noran EDX Detector (Ultra Thin Wang). Due to the sensitivity of
the samples encountered in the current work, pagiparof dispersions of powders in
organic solvents was generally avoided; ratherdhg finely divided solids were
loaded directly into the copper TEM grids.

2.4.4 Raman Spectroscopy

Raman spectra were measured using a microscopser Raman spectrometer
(LabRAM system, Horiba Jobin-Yvon). Laser exctatisources at 532 nm (4 mW
diode laser), 633 nm (4 mW He-Ne laser) and 78420nmW diode laser) coupled
with optical filters were available. All Raman sp@a shown in this thesis were
obtained using the He-Ne laser. The microscopmvell for measurement of spot
sizes on the micrometer range. Collection of themBn signals was by a
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multichannel CCD detector. Measurement at low &majpires was made possible by
use of either an evacuated helium cryostat for & k& (Cryovac GmbH & Co KG,
Troisdorf) or a nitrogen temperature stage for 8K in argon atmosphere (Linkam
Scientific Instruments Ltd, Tadworth, Surrey, UK)Air-sensitive samples were
measured in sealed glass capillaries under argdnaarstable samples within a

depression on the surface of a copper disc.

2.4.5 Diffuse Reflection Spectroscopy

Diffuse reflection spectra were measured using ab®sbeam Lambda 19
spectrometer (Bodenseewerk Perkin-EImer GmbH & KG, Uberlingen). The
instrument is equipped with a tungsten-halogen |&mpVIS-NIR) and a deuterium
lamp (for UV), allowing measurement over a maximaadge of 200 - 2800 nm. As a
consequence of the poor transparency and insuffitiemogeneity of solid samples,
direct measurement of the absorption spectra igcdif Thus measurements in
reflection mode were carried out using a 60 mm qetric sphere (“Ulbrich-
Kugel”) coated with BaS@reference, and equipped with a side-on photomigtip
and PbS cell. The powder samples were measuregpanially designed holders

behind windows made from Suprasil quartz glass.

2.4.6 Infra-Red (IR) Spectroscopy

Infrared spectra have been recorded using an FIp#Rtrometer (IFS 113v, Bruker
Optik, Karlsruhe), equipped with vacuum optics d@dnzel interferometer. The
source is a silicon carbide rod heated electricidlyca. 1500 K and a DTGS
(deuterated triglycine sulphate) detector was eggudor detection, with a spectral
resolution of ~ 2 ci. Sample pellets (diameter: 13 mm) were prepaneghiinert
atmosphere glove-box by compressing an intimatetyiigd mixture of sample and
standard (pre-dried potassium bromide) in a ratti®o d mg to ~ 500 mg respectively
to ca. 10 tonne load in a hand-driven press. Tdilets were transferred from the
glove-box to the spectrometer inside an air-tigkgiccator. The detection range was
400 - 4000 cril.
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2.4.7 Energy Dispersive X-Ray Spectroscopy (EDX)

EDX was employed for qualitative elemental chanasation of small sample
specimens using a scanning electron microscope [SEML 30 TMP type (Philips
Electron Optics, Eindhoven). The instrument isipped with a tungsten cathode,
with an accelerating voltage adjustable up to 30(kSually 25 kV was used). It
contains an integrated EDX system from EDAX (EDAXaunstein-Neuhof) with an
S-UTW-Si(Li) (Super_Utra Thin Window) detector (polymer window, active detector
surface area = 10 nfin Characterisation of elements beyond Z = 5 fi@on) is
possible. Evaluation of the spectra is conductdguthe program Phoenix (EDAX,

Traunstein-Neuhof).

2.4.8 Quantitative Elemental Analysis

Quantitative elemental analyses were carried ongus Vista Pro simultaneous ICP-
OES spectrometer (Varian, Darmstadt) with axiabpla, Echelle polychromator and
CCD detector. Samples were prepared via conc. HOIOHNGO;/HF (2:1) and a
DAB-1 pressure digestion system (Berghof, EningelDitermination of carbon was
accomplished via a C200 carbon combustion anal{ssgo, St. Joseph, MI, USA)
consisting of induction furnace (with,@ow) and IR cell (for detection of C{pand
employing SiC as standard. Similarly, analysiowygen was via a TC-436 (Leco,
St. Joseph, MI, USA) nitrogen - oxygen analysehwitHe-flushed electrode chamber

and IR cell (for detection of CGf) employing SiQ as standard.

2.4.9 Thermal Analysis (DTA, TG, DSC)

Thermal analysis of samples has been carried oumguBTA, TG and DSC.
Simultaneous DTA and TG analysis was conductedrm®&BA 429 thermoanalyser
(Netzsch, Selb). Samples were pre-weighed intourmhum crucibles and
measurements carried out using argon as a cam@®r gBy means of a skimmer
coupling system (Netzsch), the simultaneous measmeof pyrolysis products via a
guadrupole mass spectrometer (QMS 421, BalzerssttydJSA) utilizing He as
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carrier gas, was possible. DSC measurements wared out on two different
instruments. For routine or more qualitative pwgx) a DSC 404 Cell instrument
(Netzsch) utilizing a NiCr/NiCu thermocouple (Tyjgg and argon carrier gas was
used. For this, samples were measured in eitf@ed@luminum crucibles (Perkin-
Elmer) - especially for air-sensitive specimens,corundum capsules. For more
precise measurements, with the added possibilitpwftemperature scans, a Perkin
Elmer Pyris 1 instrument operating in power compéoa mode, was employed. In
this case cooling is achieved via liquid l[dnd the sample measured in an inert
atmosphere of He gas (Helium 4.6, purity > 99.96816%). Samples were housed in
50 pl Al crucibles (Perkin Elmer) with an empty one\seg as a blank. Sapphire

served as an external standard.

2.5 Data Analysis and Software Packages

2.5.1 MAPLE

The Madelung part of the lattice energy (MAPEEf is a useful means by which the
plausibility of a crystal structure can be verifiefihroughout this work both MAPLE
values as well as mean fictive ionic radii (MEFReffective coordination numbers
(ECoN) and inter-atomic distances were calculatethgu the program MAPLE
(Version 4.0, Rainer Hubenthal, Leigestern, Germdt893). The program was
developed particularly with ionic compounds in miadd the radius of the?dons is
assumed to be fixed at 1.40 A (thus problems caaromith compounds displaying
significant covalent character). In essence thePM& value of a compound depends
on the electrical charges of the cations and anitwes inter-ionic separations and the
way they are arranged with respect to each oth#tirwthe 3D crystal structure. It

gives an indication of the thermodynamic stabidifythe structure.

2.5.2 Bilbao Crystallographic Server

During the course of this work two programs of Bitbao Crystallographic Server

(http://www.cryst.ehu.es/cryst/) proved particwarluseful for crystallographic
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applications. The program SAM (Symmetry Adapted def® was used for
calculation of the symmetry adapted modes of chytactures in the gamma point
(projection operator method) and classificationoading to Raman / IR activity. The
program SUBGROUPGRAPH was employed for constructing lattices of maximal
subgroups and was therefore useful for derivingreginy relations between crystal

structures.

2.5.3 Presentation Packages

All pictorial representations of crystal structukspicted in this thesis were created
using the program Diamond (Version 3.1b 2006, KIBtendenburg, Crystal Impact

GbR, Bonn, Germany), whilst all graphical plots &verade using the program Origin
(Version 7.5 SR4 2004, OriginLab Corporation, Nartipton, USA).
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3. Special Section

3.1 Bismuth(lll) Oxide, Bi,O3

Bismuth(lll) oxide (BpOs) is one of the industrially most important compdsirof
bismuth. It is a pale yellow, crystalline solidathis also found naturally as the
minerals bismite (monoclinic) and sphaerobismde&dégonal). In recent times it has
drawn particular attention as a potential electmlfor use in gas sensors or solid
oxide fuel cells. At ambient conditions ;Bi crystallises as the monoclinic
modification,a-Bi,O3 (space group2,/c). The crystal structure is composed of a 3D
framework of corner- and edge-sharing distorted sBsQuare pyramids, with the
stereochemically active $one pair of Bi* pointing into hollow channels running
through the crystal structur®. When heated above 729 %GBi,O; transforms to the
cubic face-centred-Bi,Os3, which possesses a fluorite-type structure widistically
disordered oxygen vacancies and accordingly a foigic conductivity (~ 1 Scih at
750 °C)*® Upon cooling two further phases can be obtaitemiagonalp-Bi.Os at
650 °C (the crystal structure is built from a 3@nfrework of corner-sharing BiO
pseudo trigonal bipyramids, featuring prominentldwl channels along the-axis)
and cubic body-centreg@Bi,O; (sillenite) at 639 °C (crystallising with a BGeGy
related structure that possesses a large unit®e)Bi,Os; can also be synthesised
chemically as a metastable phase at ambient conditi Apart from the
aforementioned well-known polymorphs, there is atsanore recent report of a
metastable polymorph prepared by hydrothermalrreat, denoted-Bi»Os,°* which
(although the authors failed to mention) crystaBissotypic to orthorhombic B3
(valentinite)®® Apart from this a triclinic phase, denoteoBi,03°% has been
prepared by heating a )3 thin film to 800 °C on a BeO substrate, although t
crystal structure was not solved. In contrastetmgerature, the parameter pressure
has received comparatively little attention in tBeO; literature to date. High-
pressure studies of E); at ambient temperature in a diamond anvil cell {@80
GPa) have been reported, in which transition tcetastable amorphous state (at ~ 21

GPa) was claimed, although no new crystalline mecatibns were foun& To the
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best of knowledge only one report of a high-pres®&ixO; modification can be found
in the literaturé> The authors described high pressure - high terpera
investigations of BiOs utilising a DIA-6 type 'large volume' press witlmaghite
resistance heater. A new metastablgOBimodification was obtained (henceforth
referred to as "HP-BOs", HP = “high pressure”). HP-BD; was prepared at a
pressure of 6 GPa and temperature of 880 °C. # ®aimed that HP-BO; is
isotypic to the A-LaOs structure type; however a proper Rietveld refinehad the
powder X-ray diffraction pattern was not presentelflention was also made of
spurious reflections, which the authors assignebigmuth oxycarbonate formed by
entry of graphite from the heater through crackshim gold sample capsule. It was
also pointed out that HP-ED; is kinetically unstable at ambient temperature hwit
new reflections appearing over time in the X-rafjrdction patterns, although further
studies were not made. Thus new high pressurgh temperature investigations of

Bi»,Os; have been conducted and are detailed in the faligwections.

3.1.1 High Pressure - High Temperature Experiments

For all experiments high purity commercial,83 (Sigma-Aldrich, purity > 99.999
%) was employed. The pre-ground starting materéa tightly compacted into 4 mm
gold ‘plain’ capsules. High pressure - high tenapere experiments were executed
on the multi-anvil press using pressures of 6 GFPa, temperatures of ~ 900 °C and
dwell times of ~ 30 minutes. Sample cooling wdsctéd either by switching off the
power transformer (henceforth denoted as "T-quénoh'by rapidly lowering the
power supply by holding down theé¥” key of the Eurotherm control (henceforth
denoted as "rapid cooling”), whilst the pressures wedeased slowly (to avoid blow-
outs or anvil damage). The polycrystalline,®j products recovered from the
experiments possessed a strikingly bright yellovowoin contrast to the pale yellow
Bi,O3 starting material. In order to obtain powder X-wiffraction patterns with
good signal to noise ratios, the powders were gdlgeneasured in reflection (Bragg-
Brentano) mode due to the strongly X-ray absorl@ngtoms, using Cika, radiation

in preference to Md<a; radiation (due to the strong X-ray fluorescencdin the

case of the latter). Furthermore, in view of tlievipus report of kinetic instability
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for HP-Bi,Os ®°, the products were invariably analysed on the afagecovery and
subsequently stored at low-temperature (T ~ -80 fiCyreduce the rate of any
potential changes, whilst separate specimens ve¢gaeed at ambient conditions and

analysed at regular intervals to assess for sughges.

3.1.2 Outcome of the Experiments

The powder X-ray diffraction pattern of one fresh@ sample obtained from a

multi-anvil press experiment is displayed belowe(g&. 3.1).
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Fig. 3.1: Powder X-ray diffraction pattern (Cu-Kay, radiation) for Bi ;O3 sample following multi-
anvil press experiment (p = 6.3 GPa, T = 900 °C, ¥ 30 min, "T-quench"). The red lines

correspond to the reported reflections of HP-BiO; (Atou et al®)

The powder X-ray diffraction pattern of the proddoes not indicate the presence of
any residuabi-Bi,O3 or any other known modification of £);. Almost all observed
reflections are accounted for by the reported céflas of HP-BjO3;. However as can
be seen there are additional weak reflectionsréraain unexplained. EDX elemental
analysis of the products confirmed the presenaenbf Bi and O, helping to rule out
the possibility of Au-containing impurities formdaly reaction with the capsule.

Moreover, the same product was obtainable acreggnéicant pressure range (6 < p
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< 15 GPa) at T ~ 900 °C. However, experiments imctv the B;O; heating was
terminated via “rapid cooling” yielded products fevhich the powder X-ray
diffraction patterns exhibited the presence of margexplained (albeit weak)
reflections than for products obtained from expenits where “T-quench” was
implemented (see Fig. 3.2).
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Fig. 3.2: Powder X-ray diffraction patterns (Cu-Ka, radiation) for HP-Bi ;O3 recovered via "T-
quench” (top) and "rapid cooling" (bottom). The red lines correspond to the reported reflections
of HP-Bi,O; (Atou et al®)

3.1.3 Kinetic stability of HP-Bi,O3

Time-dependent investigations of HP,Bi samples were also performed. The
powder X-ray diffraction patterns of fresh HP-8% samples stored at ambient
conditions, low temperature (T ~ -80 °C) and alevaed temperature (T ~ 100 °C)
were measured at regular intervals to assessrietikichanges. The studies revealed
that HP-BpO3; samples retained at low temperature (T ~ -80 °@)mdit exhibit any
detectable changes to their powder X-ray diffracpatterns even after many months.
By contrast, HP-BO; samples stored at ambient conditions already begamhibit

the presence of new reflections (henceforth denasettmerged reflections”) in their
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powder X-ray diffraction patterns after ca. 2 wee&khough they are still weak
compared to the main reflections of HR®B4 and only increased by a small extent
over subsequent months. However, HEEBisamples from multi-anvil experiments
in which “rapid cooling” (not “T-quench”) was impieented already exhibited the
“emerged reflections” in their powder X-ray difftaan patterns from day one (i.e. the
additional reflections they exhibited are these éeged reflections”). Moreover, the
intensities of the “emerged reflections” increasedch more rapidly in HP-BD3
samples prepared via “rapid cooling” as comparedReBi,O3; samples prepared by
“T-quench” (see Fig. 3.3).
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Fig. 3.3: Powder X-ray diffraction patterns (Cu-Ka, radiation) for HP-Bi ,03; samples recovered
via "rapid cooling” (top) and "T-quench" (bottom), re-measured after storage at ambient

conditions for 4 months. The red lines correspontb the reported reflections of HP-B}O3 (Atou

et af?)

Lastly, all HP-ByO3 samples stored at elevated temperature (T ~ 100dGCime
periods ranging from a few days to two weeks ngéorexhibited the presence of any
detectable traces of HP-B);in the resultant powder X-ray diffraction patterather

an entirely new pattern was observed (see Fig. 3.4)
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Fig. 3.4: Powder X-ray diffraction pattern (Cu-Ka; radiation) obtained for HP-Bi,O3; sample

following storage at T ~ 100 °C for 2 weeks

The strongest reflections in this new powder X-ddfraction pattern coincide exactly
with the observed@positions of the "emerged reflections” describedieza Thus it
can be concluded that HP-Bg is kinetically labile and transforms to a new
modification of BpOs (henceforth referred to as “R-B)", R = "relaxed”). At
ambient conditions the rate of this phase tramsitias more sluggish for HP-8);
samples prepared via “T-quench” than for samplepared via “rapid cooling”,
which may be attributable to the fact that theelatamples already contained traces
of R-Bi,Osthat may promote further nucleation. The preseafideaces of R-BiOs in
samples prepared via “rapid cooling” but not in pls prepared via “T-quench”
must be due to the fact that the cooling rate egpeed by the BOs; (during
termination of heating in the multi-anvil press) lmwver in the former case as
compared to the latter case. Therefore, in exg@rismimplementing “rapid cooling”
the HP-ByO3; has sufficient time to undergo a partial transfation to R-B}Os
during the cooling process. Consequently HFEOBImust be regarded as a high
pressure - high temperature phase that is alwayastable at lower temperatures,

even at elevated pressure. Finally, in order v@stigate the thermal stability of R-
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Bi»O; itself, high-temperature powder X-ray diffraction easurements were
conducted (see Fig. 3.5). The measurements shatviRtBLOs is thermally stable to
T > 200 °C, with traces o&i-Bi,O3 only becoming discernable at T ~ 264 °C.
Thereafter, varying R-BD; / a-Bi,O; ratios are observed until the transition is
completed at T ~ 413 °C. Consequently the FOBito a-Bi,O3 transition occurs
over a significant temperature ranghkT(~ 150 °C). Unfortunately, it was not
possible to heat the-Bi,Os;to higher temperatures (e.g. to observea#&,O3to &-
Bi,Os transition at T = 729 °C), since at T > 500 °Crolml reaction between B3

and the quartz glass began to set in (leadingetdatmation of bismuth silicates).

5
4

Intensity / Arbitrary Units

Fig. 3.5: High-temperature powder X-ray diffraction patterns (Cu-Ka; radiation) for R-Bi ;O3

3.1.4 Powder Neutron Diffraction Measurements

Combined samples of HP-B; from ca. 5 multi-anvil experiments (~ 500 mg) were
submitted for powder neutron diffraction measuremab FRM-II (Garching,

Germany). In view of the kinetic instability of HB,03, the samples were directly
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filled into the vanadium measurement cylinder afteing removed from the freezer.
The sample was then transported to the reactdityaiai a closed vessel under dry ice
to be measured on the same day. Once the powdegondliffraction data for HP-
Bi»O3; had been obtained, the vanadium cylinder contgitie sample was placed
into an oven at T ~ 100 °C for several weeks taumnsomplete transformation of the
HP-Bi,Os to R-BO3. Then the powder neutron diffraction pattern ReBi,O3 was
recorded.

3.1.5 Determination of Crystal Structure

Indexing of the powder neutron diffraction patteaisiP-B,Oz; and R-ByOsled to a
trigonal unit cell & = 7.75 A,c = 6.30 A andv = 327.71 R) and a monoclinic unit
cell @=9.11 A b =734 A c=10.09 A B = 102.11° andvV = 659.80 K),

respectively. From the observed extinctions thetnpoobable space groups of HP-
Bi,Os and R-BjO3; were determined #@&31c orP31c and P2, / ¢ respectively. Based

upon volume incrementg, = 4 for HP-ByO3; andZ = 8 for R-BpOs. Prior to the
acquisition of the powder neutron diffraction patte initial attempts to solve the
crystal structure of HP-BD; from powder X-ray diffraction data repeatedly affed

a centrosymmetric crystal structure (space gRBft) exhibiting two
crystallographically independent Bi atoms, one bafclhi was coordinated by O atoms
in such a way as to form a regular Bi@ctahedron (suggesting suppression of the
stereochemical activity of the B$one pair on the Bi). However, the Rietveld
refinement of this centrosymmetric crystal struetaf HP-ByO3 would not converge
in the case of the neutron powder diffraction datdicating a violation of the centre
of symmetry. But a change of space group frBilc to P31c led to immediate
convergence, with the BiJpolyhedron deviating away from a regular octahedro
The fact that the O atoms could not be correcttaied from the X-ray data is due to
the high scattering contrast between Bi and O @pprately 100:1). In a similar
way, the crystal structure of R8s also could only be solved correctly from the
powder neutron diffraction data. Based on the K-data alone, a very promising
monoclinic unit cell § = 7.472 Ab = 7.345 Ac = 6.046 A 3= 95.995°V = 329.99

A3 and space groupP2i/n No. 14) had originally been determined. Moreover,
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crystal structure solution afforded a structureyvelosely related to the ambient
modification a-Bi,Os (from which it only differed by flipping an O atomwnto the
opposite side of a Bifsquare pyramid), which gave an excellent fit ia Rietveld
refinement. However, attempts to refine this alystructure using the neutron data
revealed that not only the structure but even thie eell parameters were incorrect.
Only by indexing the powder neutron diffraction alatould the correct unit cell
parameters be found. The correct crystal struactowtd then be determined relatively
straightforwardly, with all Bi and O atoms locatéal general positions. Finally,
combined X-ray / neutron refinements of the crystalctures for both HP-BD; and
R-Bi,O3 were performed, leading to good convergence. fifla¢ Rietveld refinement
profiles of HP-B}O; (see Fig. 3.6) and R-ED; (see Fig. 3.7) as well as the
crystallographic data and atomic coordinates fdh lmodifications (see Tables 3.1 -
3.3) are given below.
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Fig. 3.6: Rietveld refinements of the powder X-raydiffraction pattern (top) and powder neutron

diffraction pattern (bottom) of HP-Bi ,03
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Table 3.1: Crystallographic data for HP-BLOs;and R-Bi,O3

Crystallographic Data

HP-Bi,053

R-Bi,O3

Space group

a(h)

b (A)

c(®)

B()

V (A3

y4

M, (gmol*)

Prealc (gcm-B)

X-ray Refinement

Source

A (R)

20 Range; Step (°)

Monochromator

Rexp (%)
Ry (%)
Rup (%)

Roragg (%)

Neutron Refinement

Source

AR

20 Range; Step (°)

Monochromator

Rexp (%)
Ry (%)
Rup (%)

Roragg (%)

P31c (No. 159)
7.749(1)
N/A
6.302(1)
N/A
327.708(1)

4
465.959

9.444

Bruker D8 Advance
1.54059
10 <6X 90; 0.009
Ge(111)
2.23
6.10
6.33

0.63

SPODI, FRM-II, Garching
1.5483
8 << 100, 0.05
Ge(551)
0.21
2.45
3.23

2.37

P2,/c (No. 14)
9.107(1)
7.344(1)
10.090(1)
102.111(1)
659.805(1)
8
465.959

9.381

Bruker D8 Advance
1.54059
10 < D <90; 0.009
Ge(111)
1.40
6.06
7.11

2.99

SPODI, FRM-II, Garg
1.5483
10 < B < 150, 0.05
Ge(551)
0.22
2.10
2.66

1.04
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Table 3.2: Atomic coordinates for HP-B3O3

Atom Site X y z U (R
Bil 6c 0.1831(11) 0.3372(19) 0.2291(40) 0
Bi2 2b 2/3 1/3 1/4 0
o1 6c 0.39(23) 0.451(25) 0.963(35)  7.13(10)
02 6c 0.851(23) 0.718(24) 0.167(15)  6.848(77)

Table 3.3: Atomic coordinates for R-BjO;

Atom Site X y z U (R
Bil 4e 0.291(1) 0.9059(5) 0.9286(5)  0.416(13)
Bi2 4e 0.9167(4) 0.4017(6) 0.3174(4)  0.416(13)
Bi3 4e 0.4306(5) 0.1266(6) 0.3369(3)  0.416(13)
Bi4 4e 0.2057(6) 0.3823(5) 0.0679(5)  0.416(13)
o1 4e 0.4289(1) 0.3667(1) 0.1737(1)  0.962(20)
02 4e 0.9205(1) 0.3462(1) 0.5286(1)  0.962(20)
03 4e 0.7199(1) 0.955(1) 0.839(0) 0.962(20)
04 4e 0.2242(1) 0.194(1) 0.888(1) 0.962(20)
05 4e 0.287(1) 0.942(1) 0.427(1) 0.962(20)
06 4e 0.1938(11) 0.8605(3) 0.7197(1)  0.962(20)

3.1.6 Discussion

3.1.6.1 Crystal Structure of HP-ByO;

The results show that HP-B); adopts an entirely new crystal structure typeis It
built up from a 3D framework of distorted Bictahedra (for Bi2) and distorted
BiOs square pyramids (for Bil) connected through coraed edge-sharing. The

structure is best visualised by a projection domactaxis (see Fig. 3.8).
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Fig. 3.8: Crystal structure of HP-BL,O; viewed along [0al]. The distorted BiOg octahedra (Bi2

site) are shown in blue and the Bi@square pyramids (Bil site) in red

Each BiQ square pyramid shares one lateral edge and o édge with adjacent
BiOs square pyramids, thus giving rise to infinite cisaalong thec-axis. In turn,
each of these chains is cross-linked to two neighbg chains via corner-sharing in
such a way as to yield a bundle with a hollow clehimmthe middle that is centred on
the threefold axis. W.ithin the crystal structuteede bundles are not directly
connected to each other; rather they are intedinkeough the distorted B¥O
octahedra. These BiOoctahedra are centred on the other threefold amds are
connected to three surrounding bundles by sharhmget edges and six corners.
Moreover, as the Bi§octahedra are not connected to each other thayotidorm
chains along the-axis as the Bi@ square pyramids do. Consequently strings of
cavities are formed along tleeaxis, each cavity being separated from the nexa by
BiOg octahedron. Four 6done pairs (from Bfi) are directed into each cavity; one
from the BIQ octahedron and three from the Bi®quare pyramids of the three
surrounding bundles. A closer consideration os¢heavities reveals that whilst the
lone pairs of the three B§3quare pyramids are oriented inwards to the carfttiee
cavity (in a manner that is close to but not diriparallel to thea-b plane), the lone
pairs of the Bi@octahedra all point in the same direction downctaeis.
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When we consider more closely the two crystallobiegdly distinct Bi coordination
environments in HP-BD;, it can be seen that a stereochemically actifdod® pair

is present on the Bicentre in both cases, albeit to varying extergs [&g. 3.9).

Fig. 3.9: The BiQ; polyhedron (left) and BiOg polyhedron (right) observed in HP-ByO3, with
bond distances (A) displayed

The elevated coordination number observed for Bi@nsistent with the well-known
pressure-coordination rife which states that an increase in coordination bem
takes place with increasing pressure. Howeverfabethat the Bi@octahedron of
Bi2 features a stereochemically activé Bme pair is indicated by the fact that it is
distorted from ideal octahedral geometry. ThreertsBi—O bond distances can be
identified on one side (at 2.350 A), whilst threeticeably longer B+O bond
distances are observed on the opposite side (@5 Apwhere the 6slone pair must
be located. In fact a similar distorted Bi@ctahedral geometry has previously been
observed in some ternary Bi compounds, e.g. theedrizalence AgBi:O:s ¢’ in
which the trivalent Bi also exhibits three longarB bonds (~ 2.507 A) and three
shorter B=O bonds (~ 2.207 A), whereas the pentavaleradipts an undistorted
octahedral geometry (since there is ndl6éee pair present here). The distorted 8iO
octahedra are very similar for HP-Bg and AgsBi3Os. In both cases the observed
BiOs polyhedron can be regarded as derived from anl idesahedron via
compression along one 3-fold axis, a small rotatibthe upper triangle of O atoms
with respect to the lower triangle of O atoms (lay £7° in HP-BiO3, and ca. 8° in
Ag2sBiz0;6) and a lengthening of the-BD bonds on one side relative to those on the
opposite side (by 12.1 % in HP-BJi;, and 13.6 % in AgBi30:5). The geometry of
the distorted Bi@® octahedron suggests that a partial suppressisteodéochemical

activity of the 6% lone pair on the Bi2 site relative to the Bil gitee latter a distorted
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BiOs square pyramid) has occurred in HRB@L The distorted Bi@octahedron can
be regarded as an intermediate situation betwe&iOg square pyramid and an
undistorted Bi@ octahedron (which is typical for pentavalent BijAlthough such
BiOg polyhedra have already been observed (e.gsBA1s), HP-BbO3 represents

the first case where they have been observed imaaybbismuth oxide.

From the foregoing it is clear that the first repair HP-BLO3, which claimed the new

® is incorrect. Were HP-BD; to

modification to crystallise isotypic to A-L@3
really adopt the high-symmetry A-p@z crystal structure, then all the Bi sites would
be crystallographically equivalent and coordinabgdO atoms in such a way as to
form a BiG, capped octahedron (i.e. coordination number = 6#hese Bi@ capped
octahedra would be connected via edge-sharingv® @i3D framework. However,
such coordination around Bi would require complatippression of stereochemical
activity of the 65 lone pair, as there would be no space left féo ibccupy. But the
result of the current work has shown otherwise.tullty the claim that HP-BDs is
isotypic to A-LaOs; was argued solely on the basis of good agreemettelen
calculated and observed powder X-ray diffractiotemsities (although peculiarly a
Rietveld refinement was not provided!). Yet thasen for this apparent agreement
can be understood when it is realised that bottBHBs and the hypothetical BD;

(of A-LayO3 type) are ultimately based on a hexagonal closkipg (HCP) of Bi
atoms with O atoms placed into the interstitialdgi The only difference between the
two crystal structures therefore lies in the wagt tthe O atoms occupy the interstitial
voids. Whereas in HP-BDs the O atoms occupy 3/4 of thé Tor T, but not both)
tetrahedral voids and 3/4 of the octahedral vaidsviery layer (see Figs. 3.10 - 3.11),
in the hypothetical BO; (of A-La,Os; type) the O atoms alternately fill either all
octahedral voids or all tetrahedral voids (i.€. @nd T) from layer to layer.
Furthermore, in HP-BO; the O atoms are displaced from the centres of the
interstitial voids due to the activity of the®8B<” lone pairs. The HCP Bi sublattice
that is common to both HP-E); and the hypothetical BD; (of A-La,O3 type) makes

it difficult to discriminate between the two cryls&ructures on the basis of X-ray
diffraction intensity data alone, since the conttibn of the O atoms is negligible
compared to the heavy, strongly scattering Bi atoms
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In summary, the novel crystal structure of HB&Bireveals that this new metastable
modification is unlike the BO3; polymorphs reported to date. The presence ofdb-fo
coordinate Bi and the existence of discrete caviéibng thec-axis into which the

Bi** 6 lone pairs are oriented are unique features thatuaprecedented in the
hitherto known BiOz; modifications. Moreover, the fact that the lonecgélon pairs of

the Bi2 sites are all oriented in the same directitong thec-axis suggests that HP-
Bi,Os may potentially be a ferroelectric material. Tooald be investigated as part of

future studies but lies outside the scope of threeot work.

Fig. 3.10: A close-packed bi-layer of Bi atoms fronHP-Bi,O; viewed along [001]. The location

of the O2 atoms in the tetrahedral voids is shownThe O1 atoms have been omitted
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Fig. 3.11:A close-packed bi-layer of Bi atoms from HP-BiO; viewed along [00L]. The location of

the O1 atoms in the octahedral voids is shown. ThHe2 atoms have been omitted

3.1.6.2 Crystal Structure of R-B}O3

The crystal structure of R-BD; can be regarded as a 3D framework of corner- and
edge-sharing distorted Bi&quare pyramids (see Fig. 3.12: A & B). Thus st fi
glance R-BiO; appears to exhibit a structural similarity t6Bi,Os (which also
crystallises in the same space groBgi/c). However, a closer inspection reveals
clear differences. In R-BD; four crystallographically distinct Bi§&square pyramids
are observed, whereas inBi,O; there are only two. For R-E)s;, mutual edge-
sharing of the Bi(1)@and Bi(2)Q pyramids gives rise to wavy chains along the
axis, which in turn are interconnected via edgeaisfato form highly corrugated
layers (see Fig. 3.12: C). In contrast, the compagly more regular chains arising
from mutual edge-sharing of the Bi(3)@nd Bi(4)Q pyramids (also along theaxis),
are interconnected solely by corner-sharing to peedcorrugated layers (see Fig.
3.12: D). Both aforementioned layers lie paraitetheb-c plane and alternate in the
[100] direction, being interconnected via cornerd @dge-sharing. By contrast, in the

crystal structure ofi-Bi,Oz only one type of edge-sharing chains are obsewhbith
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run parallel to the [101] direction (see Fig. 3.E}: However, these chains are built
from edge-sharing dimers (see Fig. 3.12: F), siclara not observed in R-Bls.
Each of these chains is linked purely by cornerggato six surrounding chains.

Thereforea-Bi,O3 is built from interlinked chains, giving it polymercharacter,

whereas R-BO;consists of interconnected layers, i.e. posseasesllar character.

Fig. 3.12: (A & B) Crystal structure of R-Bi,Os, as viewed along [I0] and [0dl]. (C & D)
Isolated layer of edge-/corner-sharing Bi@ square pyramids for Bil/Bi2 sites (C) and Bi3/Bi4
sites (D), as viewed along [100]. (E) Part of therystal structure of a-Bi,Os, as viewed along
[101]. (F) Isolated chain of edge-sharing Bi©square pyramids in a-Bi,Os. (In all cases the
distinct BiOssquare pyramids are displayed in red (Bil), blue (R), green (Bi3) and grey (Bi4))
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The four crystallographically distinct BiGsquare pyramids observed in RBj
exhibit notable variation with respect to both tHg—O bond lengths and the extent
of distortion from ideal square pyramidal geomésge Fig. 3.13).

Fig. 3.13: The 4 distinct BiQ polyhedra observed in R-BjO5, with bond distances (A) displayed

As can be seen, the observed-Bibond distances among the Bi€yuare pyramids
range from 2.090 - 2.773 A. This is comparabléhtorange of B+O bond distances
observed im-Bi,0s (2.119 - 2.627 A, according to recent neutronrdiffion datf).

In both modifications the Bi©square pyramids deviate markedly from the ideal
geometry, i.e. the basal O atoms do not lie ineag@| and the angle between the apical
and basal B+O bonds is not 90° (for R-BD; this angle varies from 67.51 - 98.33°,
whilst for a-Bi,Ogz it is 74.07 - 95.16°). A hierarchy of BO bond distances can be
identified, ranging from long (> 2.6 A) to mediuma( 2.4 - 2.6 A) to short (< 2.32
A). However, in all cases the constituent Bi€uare pyramids exhibit three short
Bi—O bonds (of which the shortest is invariably theeapBi—O bond). These short
bonds exhibit significant covalent character (sum of ionic radii of Bi* and G =
2.34 A3, Thus it is also useful to consider the crystalictures on the basis of
purely corner-sharing Bigxrigonal pyramids (see discussion below). By rastf of
the long B~O bonds the Bi2O5 bond in R-BiO; (at 2.773 A) can be regarded as
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being on the limits of the coordination sphere, aaexclusion would lead to a BiO
pseudo trigonal bipyramid for the Bi2 site (c.fetlzorner-sharing Bi9pseudo

trigonal bipyramids observed pBi,0s ).

Further consideration of the crystal structureRe®i,O3; anda-Bi,O3 reveals that in
both modifications various sets of hollow channate observed within the 3D
framework, into which the stereochemically activ& fbne pairs of the Bi are
oriented. In R-BiO; prominent channels along the [010] and [001] diozxst can be
identified, which therefore intersect each othearatangle of 90° (see Fig. 3.12: A &
B). Additionally there are also two sets of eqlewd channels directed along [011] /

[Oli] (i.e. theb-c face-diagonals), which intersect each other aragie of 72.1°, as
well as intersecting the [010] and [001] channelsbB.95° and 36.05° respectively.
In particular, the fact that all sets of hollow ohals in R-BjO3; are confined parallel
to the b-c plane is consistent with its lamellar characterdascribed earlier. By

contrast, imt-Bi,O3the main set of channels is directed along [00d{ there are also

two equivalent sets of channels along [112]5/2|]1 The latter channels intersect each
other at an angle of 61.12°, whilst they intersibet [001] channels at an angle of
37.52°. Thus the various sets of channelsiiBi,O3 intersect each other at very
different angles and are not confined to a pamicyglane as they are in R-Bk.

Hence the polymeric nature 0fBi,O3 noted earlier.

An effective way in which the lamellar characterRBi,O3 and the polymeric nature
of a-Bi,Ozcan be contrasted is to envisage them as beingasedmf purely corner-
sharing BiQ trigonal pyramids (see Fig. 3.14: A & B). Withinis scheme it can be
seen that the crystal structure afBi,O; consists of isolated 'LD' chains. Pairs of
BiO3 trigonal pyramids share corners to give@i dimers, which in turn link by
further corner-sharing to give infinite double-ataalong the [100] direction. The Bi
lone pairs are oriented into the space betweerchles. In fact, these chains are
analogous to those observed in orthorhombiggralentinite)® albeit distorted and

arranged differently with respect to each othef. (€:Bi,Os3,%

which actually
crystallises isotypic to valentinite). By contrasie crystal structure of R-ED; is

built from isolated '2D' slabs, which are stackedafiel to theb-c plane. These slabs
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are not simple layers, rather they are hollow amtain the two sets of perpendicular
channels mentioned earlier (i.e. along [010] ar@L[R Whilst the lone pairs of Bil
and Bi3 are oriented into the hollow channels waittiie slabs, those of Bi2 and Bi4
point into the space between the slabs. A closgaction of one such slab reveals a
complex network of puckered B, BigOg and BioOip rings (see Fig. 3.14: C).
Upper and lower layers of interconnected Biorings are cross-linked via the /B,
and BgOg rings. The BjO, rings and the BOs rings are arranged into rows along the
[010] and [001] directions respectively, which agcts for the corresponding hollow
channels. The large BDiorings observed in R-BD; are unprecedented in the,B83
modifications known so far. However, 4Bi, rings and B§Os rings can also be
identified in the resultant layers of the well-kno@-Bi,O; °° (when this is visualised
as corner-sharing BiOpyramids), although here they are more regular tduthe
high-symmetry crystal structure. Finally, if HP28; (which was already discussed
in Section 3.1.6.1) is viewed using corner-shaii@; trigonal pyramids, a layered
crystal structure also results, since the prevammectivity along the-axis (c.f. Fig.
3.8) is lost. The Bigpyramids (of Bil) link in threes to form s rings, and in turn
these rings are interconnected via the otherzBi®amids (of Bi2) to give 2D’ layers
(see Fig. 3.14: D). These are simple layers (entile hollow slabs observed in R-
Bi»O3), and they lie parallel to theeb plane. The lone pairs are directed exclusively
into the interlayer spaces. In fact, analogousOgings were recently reported
within the crystal structure of a new high-pressuinase of Sis; (see introduction to
Section 3.37° however in this case they are more distorted aadnéerconnected via
SbG; trigonal pyramids to give infinite chains thattinn are also cross-linked to each
other (i.e. a '3D' framework of corner-sharing dnigl pyramids, as opposed to the
isolated '2D' layers in HP-BD3). Nonetheless HP-BD; provides the first example of
such BgOs rings in a BjOs; polymorph. Overall it can be seen that the ctysta
structures of HP-BO3 and R-ByO3 are both of '2D' lamellar character, whereas
Bi»O3 exhibits '1D' polymeric character. The kinetictaislity of HP-BLO3; may (at
least in part) be due to the presence of straitsiBizO3 rings, which must undergo
ring-opening during the transformation to R:@4, in which larger (more stable) rings

are present.
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D

Fig. 3.14: (A) Projection ofa-Bi,O3; along [100]. (B) Projection of R-Bi,O3 along [010]. (C)
Isolated Bi;O4, BigOgand Bi;¢O;¢rings taken from a slab in R-B,Os. (D) Projection of an isolated

layer from HP-Bi,O3 along [001]. (The Bi atoms are displayed in black, and the @toms in blue)
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3.1.7 Raman Spectroscopy

HP-BIi,O3, R-Bi;O3 anda-Bi,O3 have also been investigated by Raman spectroscopy.
In addition to ambient-temperature measurements Eg. 3.15), low-temperature
measurements (down to 4 K) were also made for HRsBand R-B}Os;. However,

the Raman spectra at low temperature did not mstrafey detectable changes relative
to those at ambient temperature, suggesting thawademperature phase transitions
take place.

3.0

25

2.0 5

1.5 4

1.0 H

Intensity / Arbitrary Units

——HP-Biy03
——R-BiyO3
——a-BiyO5

0.5 4

0.0

T . T . T . T T T ! 1
100 200 300 400 500 600
Raman Shift/ cm”

Fig. 3.15: Raman spectra of HP-BD3, R-Bi,O3 and a-Bi,Oz at ambient temperature (intensity

scale normalised)

As can be seen the Raman spectrum for eaghz;Bnodification is distinct. The
spectrum of HP-BOs is characterised by few and highly diffuse peaksereas the
spectra of R-BiO3; anda-Bi,Oz exhibit numerous relatively sharp Raman peaks. The
observed Raman spectrumoeBi,Osis in good agreement with a previously-reported
spectrum, where attempts were made at assignirg0tiRaman-active modes (1A
158,_3,).70 In terms of the new modifications presented hétre higher symmetry HP-

Bi,Os (P31c, factor group €s,) would naturally be expected to give rise to apten
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Raman spectrum than the lower symmetry BROBi(P2i/c, factor group ).
Specifically, for HP-BiO3 there are a total of 30 Raman-active modes (102R0E)
of which 3 are acoustic modes;(A 2E). By contrast, for R-BDs there are twice as
many Raman-active modes (30A 30B) all of which are optical modes (the 3
acoustic modes A+ 2B, are only IR-active). Therefore, for HP-Bg a maximum of
27 Raman lines is anticipated (the optical modehjist for R-BiO3it is 60. The fact
that HP-ByO3 exhibits far fewer Raman peaks than REBiis clearly seen. On the
other hand, that the number of resolvable/deteet&t@man lines is markedly less
than the total predicted for each modification (fei7HP-BL,Ozand ~ 20 for R-BiO3)
can be attributed to overlap of symmetrically inelegent modes with similar Raman
shifts and/or the existence of modes with undetesteensities, a situation which is
particularly seen in HP-BD; leading to a highly diffuse Raman spectrum. In al
three Raman spectra the modes occurring in the6200em’* range are probably
dominated by displacements of the O atoms relatiibe Bi atoms, whilst modes in

the < 200 crit region are dominated by Bi atom displaceméhts.
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3.1.8 Diffuse Reflection Spectroscopy

During the course of the ED; investigations it was observed that samples of HP-
Bi».O3; and R-ByO3 exhibited perceptible differences in colour. Wdaes HP-BiO;
samples were bright yellow, R8; samples were a mere pale yellow rather tike
Bi»O; (see Fig. 3.16). As such dissimilarities in coleaemed implicit of differences

in the optical band gaps of these modificationBuge reflection measurements were
consequently carried out for all three polymormee(Fig. 3.17).

Z
T~

Fig. 3.16: Samples of HP-BD; (left), R-Bi,O3 (middle) and a-Bi,Os (right)
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Fig. 3.17: Observed UV-VIS-NIR Diffuse Reflection Bectra for HP-Bi,O3, R-Bi,O3 & a-Bi,O3

So as to enable the determination of more relialees for the band gaps, the
diffuse reflection spectra were first transposeddwesponding absorption spectra via
the relationship between sample absorption ands#éffeflectance as expressed in the
Kubelka-Munk formuld®:
L-R.) _K

2R, S

Where R, is the absolute diffuse reflectance of the sampgleis the absorption

F(R,)=

coefficient (cm') and S is the scattering coefficient (&m In practiceR, must be
measured as a relative diffuse reflectaRteacross the desiredrange by means of a
standard (wher&’, = Rsample/ Rstandard. In this way the corresponding absorption
spectrum can be plotted (assuming W&afnqaraiS Negligible and thab is independent
of A). The absorption is then plotted against photoergy (eV) rather than
wavelength (nm) via the following equation:

1239842
Exev):'fiﬁﬁﬁf_

60



3. Special Section

The band gaps have been determined from the iotesef a tangent (placed at the

point of inflexion on the absorption edge) with greergy axis (see Fig. 3.18).
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Fig. 3.18: Optical absorption spectra for HP-BjO3, R-Bi,O;& a-Bi,O3, with band gaps (E)

As can be seen, the observed band ggpf@E HP-BLOs (~ 2.48 eV) is significantly
lower than that of R-BOs; (~ 2.78 eV), indicating that the transformationnfr¢iP-
Bi-Osto R-BLOsis accompanied by an increase of the band gap /%), whereas
the transformation of R-BD; back toa-Bi,Os involves comparatively little change
(decrease of ~ 1 %). This finding is consisterthwhe pale yellow colour that is
common to both R-BOs;anda-Bi,0s, in contrast to the brilliant yellow of HP-EDbs.
Interestingly, previously reported high-pressurantbnd anvil cell investigations of
a-Bi,03 (albeit at ambient temperatutéliescribed a significant decline of the band
gap in the range 12 < p < 20 GPa. At 24 GPa thesvwaas reported to be ~ 2.2 eV
(as determined by in-situ optical absorption sgectr single-crystals), at which the
sample was observed as bright red in transmittgd. li Thus the band gap obtained
for HP-Bi,O3 in the current study (~ 2.5 eV) is roughly intediade between that
reported for BiO; at 24 GPa (and room temperature) and that at ambanditions.

However, the decrease in band gap in the case M&;Biompressed at ambient
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temperature was attributed to a pressure-inducgstatline to amorphous transition
of a-Bi,Ozabove 21 GPa (as inferred from in-situ Raman specBut as the authors
were using a methanol-ethanol (4:1) mixture as pghessure medium, it is also
possible that this transition may be an effect oisatropic distortions due to a
reduced hydrostatic character of the pressure medihich would be expected for a
methanol-ethanol mixture at these pressures). dayrast, HP-BiOs; has proven to be
obtainable only through application of both higregsure (6 - 15 GPa) and high
temperature (~ 900 °C). Regardless of whetbdBi,O; really does become
amorphous at pressures above 21 GPa (when comgpriegdstatically), the results
of both the current work as well as the previowsraind anvil cell study demonstrate
that mere compression of-Bi,Oz is not sufficient to induce the-Bi,O3; — HP-
Bi.Os transition; rather both high pressure and high penature are required.
Furthermore, in contrast to the ‘amorphous@3i, HP-Bi,O3; can be quenched to
ambient conditions at which it maintains a redulbadd gap relative ta-Bi,Oz. On
the other hand the band gap of ‘amorphouy®©Biwas reported to have reverted to its
original value after being decompressed to amhgentlitions. It is therefore possible
that the reduced band gap observed in H®Bmay be related to the partially
suppressed stereochemical activity of thé I6se pair on the Bi2 site. Indeed, a
similar (or even a more pronounced) suppressidah®®$ lone pair may also occur
within the local structure of ‘amorphous,Bi’, but in this case it would be lost again

upon decompression.

3.1.9 DSC Investigations

In order to investigate the HP-B); — R-Bi O3 phase transition in more detail, DSC
measurements have been performed across the teémper@nge -100 °C < T < 200
°C. Background contributions were subtracted weemal sapphire calibrations to
give specific heat as a function of temperature (Sig. 3.19). As can be seen, an
exothermic peak was observed within the range 1140-°C, although the transition
onset varied notably with heating rate. Measurdsanh lower heating rates (e.g. 5
Kmin™) did not lead to detection of a peak, implyingtttize phase transition is

relatively fast.
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Fig. 3.19: Specific heat (¢) versus temperature for HP-ByO3 using different heating rates

For each measurement, values of the transitioraAH ansiion Were determined
from integrated peak areas, and the onset temper@lshse) from intersection of a

tangent with an interpolated baseline (see Talle 3.

Table 3.4:AHansition aNd T onservalues obtained via DSC measurements of HP-);

Heating Rate (Kmin) AHyansition! kKIJmol* Tonsed °C
10 -10 114
20 -9.8 121
35 -9.4 129
50 -9.2 135
65 -9.7 137

From the results the mediansition (HP-BO3s — R-Bi>O3) can be calculated to be -
9.6 kdmol A plot of the observed Jise vValues versus heating rate allowed for a
polynomial fitting of 2 order, with an extrapolatedyile:~ 107 °C at 0 Kmift
heating rate (see Fig. 3.20).
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Fig. 3.21: DSC measurements for R-BD; using various sample masses and heating rates
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Subsequently, similar DSC measurements were alsducted for R-BiO3; samples

in order to study the R-BD; — a-Bi»,O3; phase transition (see Fig. 3.21). As can be
seen, no peak was observed in the DSC measurenfdRiBi,O;3 (irrespective of the
sample mass or heating rate employed). Howevevdeodiffraction analysis of the
post-DSC samples confirmed that they had all cotajyl¢ransformed back to puce
Bi»Os. This suggests that the R.8 — 0-Bi,O3 phase transition is accompanied by
a small AHyansiion @nd/or is sluggish with the thermal effect smeaoedr a large
temperature range. The latter possibility is csetesit with the high-temperature
powder X-ray diffraction measurements of R@®4 (see Section 3.1.3), where the
phase transition was observed to occur over a leagge (264 < T < 413 °C). In
principle the R-BiO; — a-Bi,O3 transition ought to be exothermic, since it is
irreversible and involves the transformation of eetastable phase into the
thermodynamically most-stable modification. On ttkeer hand, for the HP-BD; —
R-Bi,Oztransition a peak was reproducibly obtained, aedctirresponding\Hiansition
(ca. -10 kdmat) is actually within the same order of magnitudetesknowna-Bi,Os

— 8-Bi,O; transition (ca. +30.0 kJmd) or melting of3-Bi,0s (ca. +15.9 kJmaf).”
However, the HP-BD; — R-BIi,O;3 transition already proceeds slowly at ambient
temperature, implying that the activation energgribaiis much lower than that of the
R-Bi,O3 — 0-Bi,O3 transition. This difference in phase transitiomekics may
explain why a peak is observed in the DSC measurenad HP-B3O3 but not those
of R-Bi,O3; (where the thermal effect is smeared out).

3.1.10 Further New Modifications of ByO5

During the BjOs studies, belt press experiments were also caoted The outcomes
showed that HP-BD3 could not be obtained in the belt press even &iteploying
the same pressure/temperature values as multi-aneds experiments where HP-
BioOs;was obtained (e.g. p = 6 GPa, T =890 °C, t = 3@ amid “T-quench”). In fact,
the powder X-ray diffraction patterns of the yellguolycrystalline products were not
attributable to any known BD; modification (including HP-BO3; or R-BrO3), and
suggested a new E); modification (subsequently denoted as “B®J’, B = “Belt
Press”). B-BiOs;was observed to be kinetically stable at ambienditions (unlike
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HP-Bi,O3). Attempts to index the powder diffraction patierwere unfortunately
unfruitful due to the marked overlap of reflectionsloreover, it was observed that
some B-B3}O3; samples exhibited prominent variations in relateiection intensities
depending on the diffraction geometry employed,lyimg the presence of significant
texture in these samples, whilst other B&iisamples (even prepared at the same
pressure/temperature conditions) did not exhibghstexture (see Fig. 3.22). The
textured B-B3Oz samples also exhibited more complex powder pattians the non-
textured ones, suggesting that the former may ttatesta distorted variant or even a
mixture of new BiO3; modifications. DSC measurements reveal that tHgi,B;
samples undergo an exothermic transition in thgea&b0 - 350 °C (see Fig. 3.23),
and post-DSC sample analysis confirms that irrévkerdransformation tax-Bi,O3
has occurred (i.e. they are metastable modificajiortHowever, the transition onset
temperature and enthalpy of transition varied s$icgmtly between textured B-BD;
samples (Thset~ 338 °C AHyansiion ~ -2.2 kdmot) and non-textured B-BD; samples
(Tonset~ 266 °C AHyansiion ~ -4.7 kdmof). Thus the textured B-BD; samples seem
to be kinetically more stable than the non-textuBei,O; samples, although both are
kinetically much more stable than HPz8% (C.f. T onset~ 107 °C). This explains why
B-Bi,O3; samples could be stored at room temperature witlamy problems.
Furthermore, the smaller enthalpy change of the ®8— a-Bi,O; transition versus
the HP-BjO; — R-Bi,Os transition (c.f. -9.6 kJmd) suggests that the B-Rs
modifications are also thermodynamically more satilan HP-BiOs, albeit still
metastable with respect to-Bi,O3. As far as preparative issues are concerned, the
observation that HP-BD3 is only obtainable in multi-anvil press experimewntsilst
B-Bi,O3 is only obtainable in belt press experiments suggést differences in the
pressure environment play a critical role. Thuguasi-hydrostatic sample pressure
(which is more closely realised in the multi-anpiless than in the belt press) is
critical to the formation of HP-BDs, a fact that would be consistent with the high-
symmetry 3D-framework crystal structure. By costydghe more anisotropic sample
pressure of the belt press must be responsibletHer formation of B-BiOs.
Correspondingly, B-BOs; presumably crystallises in a low-symmetry, distdrte
crystal structure, and a tendency for the growtlnighly irregular crystallites (e.g.
needle-like or plate-like) may account for the tegtobserved in some samples.
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Fig. 3.22: Powder X-ray diffraction patterns for atextured B-Bi,O; sample (upper panel) and
non-textured B-Bi,O3; sample (lower panel), as measured in (a) Bragg-Bmntano/reflection mode,

(b) transmission mode and (c) Debye-Scherrer mode
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Fig. 3.23: DSC measurements of a textured B-ED; sample (black profile) and a non-textured B-

Bi,O3 sample (red profile). Tonsetand AH yansiion Values are 338 °C / -2.2 kdmdiand 266 °C / -4.7

kJmol™ respectively
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3.2 Tin(ll) Fluoride, SnF,

Tin(ll) fluoride (SnFk) is one of the most important compounds amongothary tin
halides. On the one hand it has found extensiydicgion in fluoride-containing
toothpastes, proving advantageous over other tlesr{e.g. NaF) in that it retains its
activity in combination with calcium-based abrasiVeand is also more effective in
combating gingivitis® On the other hand, in recent times Sm@Rd derivatives
thereof have also attracted attention as possiméstor fluoride ion conduction in
fuel cell devices, e.g. PbSpf® At ambient conditions SaFcrystallises as a
monoclinic modification, a-SnF, (space groupC2/c).>®* The crystal structure
comprises a 3D packing of puckered/&rings (which can be envisaged as tetramers
of corner-sharing SnFpyramids, in which bonding is of appreciable cewal
character)® Additionally, two high-temperature modificatiom§ SnF, have also
been characteriséd. When heatedy-SnF, undergoes a phase transitionyt8nF at
ca. 150 °C. y-Snk, crystallises in the tetragonal space gré¥h2,2. The crystal
structure consists of a 3D framework of cornerslyarSnk pseudo trigonal
bipyramids, which bears certain similarities to 8i€©; cristobalite modification. In
particular, within the structure & rings can be identified (analogous to thgOgi
rings in cristobalite), into which the lone pairfstioe Sr¥* are oriented. When cooled
to 66 °C,y-SnF, transforms tg3-SnF,, which crystallises in the orthorhombic space
group P2:2:2;. Here the crystal structure is built up from dittd, corner-sharing
Snk square pyramids. Chains are formed alongctheis in an analogous manner to
the edge-sharing TiDoctahedra in rutile, although iB-SnFk, the Snk square
pyramids share only corners, and the lone paiexrate in an up-down fashion,
leading to a doubling of the-axis. In addition to crystal structures, the thar
properties of all three Sphodifications as well as the kinetic and thermaleass of
the phase transitions have also been investid&ted® During these studies it was
shown that the phase transition frarSnF, to y-Snk is of I order reconstructive
type and occurs over a temperature range (130 -°@C90exhibiting grain size- and
pressure-dependence as well as hysteresis. Qothlte hand, the transition frogp
Snkto B-Snk at 66 °C was found to be displaciv¥ Brder without hysteresis, and

the metastablg3-SnF, could even be quenched to room temperature anedstor
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although it rapidly converts ta-SnF, when subject to mechanical grinding. The
authors also described in-situ high pressure - béghperature DTA studies using
pressures up to 2 GPa and temperatures over 30@o%&ver only thex-Snk, to y-
Snk, transition or melting were observed. High pressuneggh temperature quench-
type experiments up to 5.8 GPa and 700 °C weremaésdioned, however the method
of pressure/temperature control was not descrilvetl @ new Snfmodifications
were reported. However, the relatively looselyk@atmolecular crystal structure of
a-Snk, contains much empty space that could be compromiseder higher
pressures, opening the possibility of finding gueide high pressure - high

temperature modifications. This provides the naiton for the following work.

3.2.1 High Pressure - High Temperature Experiments

For high pressure - high temperature experimentsnoercial Snk (Sigma-Aldrich,
purity > 99 %) was utilised. Prior to use the tatgr material was analysed by powder
X-ray diffraction and EDX elemental analysis, amdwn to comprise pure-phase
Snk. For the high pressure - high temperature expsrimthe finely divided starting
material was tightly compacted into platinum capsubf varying sizes (1.7 mm, 2
mm, 4 mm) inside an argon atmosphere glove boxnsRuere performed on the
piston-cylinder press (up to 2 GPa), belt presstgup GPa) and the multi-anvil press
(up to 15 GPa). The samples were heated at platessure to temperatures ranging
from 80 to 1100 °C, with dwell times ranging fromreere 10 minutes to 48 hours.
Some of the multi-anvil experiments were performegthout a thermocouple via use
of power-temperature calibration curves (which ies better mechanical stability
during the experiments and markedly reduces thaagsaof a blow-out) whilst in
others a thermocouple was employed. All experisiemere terminated by “T-
quench” (i.e. by switching off the transformer ke tend of the dwell period). For
piston-cylinder and belt press experiments the gomes could then be released
relatively rapidly (i.e. over several minutes), ishifor the multi-anvil press the
pressure had to be released more slowly (i.e. masry hours, to help avoid blow-
outs or anvil damage). The white to off-white moiystalline products recovered

from the ‘large volume’ presses were characterisegowder X-ray diffraction.
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3.2.2 Outcome of the Experiments

The results of the high pressure - high temperatxperiments on SnFare

summarised in the form of an empirical p-T phasedim below (see Fig. 3.24).
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Fig. 3.24: Empirical p-T phase diagram based on Snfexperiments. The reported melting point

at ambient pressure (T ~ 215 °C) is included

As can be seen from the empirical p-T phase diagf@npressures up to 15 GPa and
temperatures below 500 °C ordySnF, was recovered post-experiment. However,
beginning at pressures of ca. 8 GPa and tempesatfrea. 520 °C a new high
pressure - high temperature modification of S8m&s obtained (henceforth denoted as
“HP-SnE,”, HP = "high pressure”). However, HP-Srgould only be obtained by
multi-anvil press experiments, and even then oslg éesser phase fraction alongside
a-Snk. Belt press and piston-cylinder experiments iraldy afforded onlya-SnF,.
The strongest reflections of HP-Snpossess d-spacing values close to those- of
Snk, (see Fig. 3.25).
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Fig. 3.25: Powder X-ray diffraction pattern (Mo-Ka; radiation) for HP-SnF, / a-SnF, mixture
obtained from one multi-anvil experiment (p ~ 12.55Pa, T ~ 700 °C, t = 2 hr, "T-quench"). Red

lines correspond to the reported reflections oft-Snk,

In order to confirm that HP-SaRepresents a new modification of $ShBamples
were heated under dry argon atmosphere to tempesatfica. 100 °C for a few hours
and afterwards new powder X-ray diffraction pattemmeasured. It was observed that
the reflections of HP-SnFhad completely disappeared leaving ordySnk,
confirming that the former represents a new polyhaf the latter (and that no side-
impurities, e.g. tin oxyfluorides, had formed dgrithe experiments). Furthermore,
when preparing samples for measurements in BraggtBno (reflection) mode it
was found that the use of polar solvents (e.g.ocaegtto bind the powder onto the
silicon surface sufficed to induce the HP-Std-a-SnF, transformation even at room
temperature, further corroborating the low kinetiability of HP-Snk. As already
noted, products containing detectable phase frastiof HP-SnE could only be
prepared via multi-anvil press experiments; prosluetcovered from the belt press
contained onlya-Snk, even when the experimental parameters employed wer
identical to those of multi-anvil press experimetiat had afforded HP-Spl-Snk
mixtures (e.g. p = 8 GPa and T = 700 °C). The that HP-SnEkcould only be
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obtained at both high pressure and high temperatumditions (i.e. p > 8 GPaand T
> 520 °C), along with the fact that the recoversatpcts contained-SnF, alongside
HP-Snk, even for experiments with long dwell times (e.§.Hburs) suggests that the
limiting factor to obtaining single-phase HP-Sn§ not the kinetics of the-Snk, —
HP-Snk transition at plateau pressure/temperature buterathe kinetics of an
unwanted HP-SnF— a-Snk, back-transition during the “T-quench” process. u3h
HP-Snk must be regarded exclusively as a high pressurggh temperature
modification that rapidly transforms back toSnF, as the temperature plummets
somewhere below 500 °C, even at high pressure. fadtethat detectable traces of
HP-Snk could only be observed in products from multi-arprigss experiments (and
not belt press experiments) is consistent with kyigothesis. The Walker module
employed in the multi-anvil press is much largerthhe steel module used in the belt
press, thus the former contains a much larger wiasteel that would be conducive to
a more rapid dissipation of heat away from the HPSduring “T-quench”.
Additionally, in the multi-anvil press much small@&nFk, sample volumes were
employed than in the belt press (1.7 or 2 mm cagssutrsus 4 mm capsules). And of
course a smaller sample volume implies that theptampossesses a larger surface
area to volume ratio, which is well-known to ingeahe rate of heat loss from a
body. Furthermore, in the case of the multi-aexiperiments performed with small
sample volumes the corresponding resistance heatersalso markedly smaller,
which means that samples can be heated to highetatopes in a more localised
fashion, i.e. by reducing the accumulation of unt@drheat in the surrounding steel
module, which would impede the rate of sample cagplat “T-quench”. It was
observed that the preparation of higher yields Bf$hk was only possible via multi-
anvil press experiments executed with the smalkestembly sizes (i.e. 10/5
octahedron-anvil sets in conjunction with 1.7 mmmpk capsules) and also
employing W-Re thermocouples. By comparison, eajeit multi-anvil press
experiments carried out without W-Re thermocouplely afforded HP-Snfa-Snk,
phase mixtures despite using the same pressur@tatage conditions (e.g. p = 13
GPa, T = 700 °C, t = 2 hours). The additional hi#ax through the W-Re
thermocouple wires (which are excellent conductafrhieat) during “T-quench” is
thus considered to enhance the cooling rate expeieby the HP-SnF To optimise
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the synthesis of HP-SpFspecially-tailored multi-anvil press experimemtgh 10/5
octahedron-anvil sets were implemented. A smalppeo cylinder of suitable
dimensions was inserted into the MgQ/Qy octahedron between the sample capsule
and molybdenum disc, the purpose being to creatiiaaal heat flux away from the
sample during “T-quench”, as well as providing emted mechanical stability of the
high-pressure cell. In this way it became possibl@btain single-phase HP-SnF
samples in a stable, reproducible manner. The powdray diffraction pattern of
such a single-phase HP-Sisiample is shown below (see Fig. 3.26).
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Fig. 3.26: Powder X-ray diffraction pattern (Mo-Ka, radiation) for pure HP-SnF, obtained from
a multi-anvil experiment (p = 12.5 GPa, T = 700 °Qt, = 2 hr, “T-quench”)

3.2.3 Thermal Stability of HP-Snk

Subsequently single-phase HP-Srdamples were investigated by means of high-
temperature powder X-ray diffraction measuremese® (Fig. 3.27). At T > 100 °C
the emergence of new reflections (e.g. at ~ 26°28%d®) alongside the splitting of
existing reflections (e.g. at ~ 439)without significant alteration to the main HP-
Snk, reflections, is observed. However, as of T ~ 1@0a°progressive decrease in

the intensity of the main HP-Spfeflections (e.g. the strong reflection at ~ 2728}
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and the concomitant emergenceoefnF, are observed. The heating measurements
therefore suggest that HP-Shiirst undergoes a continuous type of crystallograp
distortion, i.e. lowering of symmetry (hencefortlendted as ‘intermediate Sf)F
before the nucleation ofi-SnF, sets in at higher temperatures. At T > 150 °C
transformation too-Snk, is essentially complete and some formation of thgh-h
temperature phaseSnFk, is apparent, whilst at T > 200 °C the sample isrbegg to
melt. Comparison of the temperature-dependent poXeray diffraction patterns for
HP-Snk with the ambient-temperature powder X-ray diffragtpatterns of various
Snk, samples recovered from multi-anvil press experiseavith varying degrees of
'‘guenching success' reveals that various propertodrHP-SnE, ‘intermediate Snf
and a-Snk, are also observed here (see Fig. 3.28). Thisestigdhat experiments
with a slower “T-quench” rate allows the HP-$ngufficient time to undergo
distortion and form ‘intermediate SyF or in the worst cases complete back-
transformation tax-Snk. In addition, Fig. 3.28 also shows that the ereecg of
‘intermediate Snf leads to noticeable changes in ti®epdsitions, relative intensities
and peak shapes of the main HP-Swefections (which is difficult to see in the high-
temperature powder X-ray diffraction measurementhjch further supports the idea
that HP-Snk and ‘intermediate SnFare related via a continuous type of structural

distortion.
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Fig. 3.27: High-temperature powder X-ray diffraction patterns (Cu-Kaj, radiation) for HP-SnF,
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Fig. 3.28: Powder X-ray diffraction patterns (Mo-Ka; radiation) for products ranging from pure

HP-SnF, (a), to HP-SnFk,/ ‘intermediate SnF,' / a-SnF, mixtures (b-e), to purea-SnF; (f)
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3.2.4 Determination of Crystal Structure of HP-Snk

The powder X-ray diffraction pattern of pure HP-grdeuld be indexed via a
hexagonal unit cell witla ~ 4.18 A,c ~ 14.25 A andv ~ 216.2 K. Based on the
formula unit volume ofa-SnF, at ambient conditions (53.3°R% Z = 4. This
suggests that the $nsublattice in HP-SnF(which dominates the powder X-ray
diffraction intensities) adopts the close packimhesne of the La-type, which also
crystallises hexagonal and possesses similar ahitetrics (also witlz = 4). The
La-type comprises an ABAC sequence of close-packing hc according to
Jagodzinski notation) with @a ratio of 3.22** (thec/a ratio of HP-Snkis somewhat
larger at 3.41). Moreover, the observed extingionthe powder X-ray diffraction
pattern of HP-SnFare consistent with the space group of the La-tipge'fmmc(No.
194). Thus the Fanions are anticipated to be located within thersititial voids of
the ABAC close-packing of $hcations. However, the unit cell still does nat@mt
for a small number of weak reflections in the pattg.g. in the ranges &° or 13 -
14° 26, as seen in Fig. 3.26), and these remain unexplawed in the most general
space groupR6, No. 168) or a supercell thereof. These unadesureflections can
be attributed to a minor contribution from the émmbediate S~ mentioned in
Section 3.2.3. Starting from this preliminary mbdé the SA* cation sublattice,
attempts at solving the crystal structure of HP-Srdf the powder X-ray diffraction
data (via simulated annealing methods) yieldedokutien' for the crystal structure
that entailed occupation of all tetrahedral voidshHe ABAC packing of S# cations
by the F anions. However, such a void-filling scheme ipassible, since it would
feature FSptetrahedra that share faces within the plane efltexagonal’h) layers
of Srf* cations. Moreover, as the lightdhions possess a low X-ray scattering power
compared to the electron-rich Brations they have relatively small influence oe th
observed intensities in the X-ray diffraction pattevhich makes it difficult to locate
them experimentally. As in any close-packed stmecbf N atoms there are a total of
3N interstitial voids (2N tetrahedral voids + N aleedral voids). Thus in the case of
HP-SnF, only 2/3 of all the voids are filled. As alreadyentioned, occupation of all
tetrahedral voids is not possible. Similarly, geation of all octahedral voids and

half of the tetrahedral voids is also unlikely, cgnthis would feature pairs of FSn
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octahedra that are face-sharing across the 'heabidonlayers in addition to pairs of
FSn, tetrahedra and Fgroctahedra that share faces across the ‘cut)idayers.
Therefore it can be concluded that a statisticdd)(8ccupation of all tetrahedral and
octahedral voids offers a physically realistic altgive, since it allows 1/3 of the
tetrahedral and octahedral voids to remain emptyese empty voids can be regarded
as vacancies that are disordered within the crgstatture of HP-Snf= In this way
the problem of face-sharing polyhedra can be cikanted. The vacancies would
provide space for the stereochemically activé I6se pairs on the Shcations to
orient themselves into, i.e. the lone pairs theuesehre statistically disordered. In
stark contrast, an ordered occupation of the tettedt and octahedral voids would
yield regular coordination polyhedra of Bnions around the $hcations, which
requires complete suppression of thé*S& lone pair activity (for which no evidence
exists). The final Rietveld refinement, crystalaghic data, atomic coordinates,
selected bond distances and depictions of theatrgsticture are given in Tables 3.5 -
3.7 and Figs. 3.29 - 3.30.
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Fig. 3.29: Rietveld refinement of the powder X-raydiffraction pattern of HP-SnF,

Table 3.5: Crystallographic data for HP-Snk

Crystallographic Data

Compound HP-SnF
Space group P6s/mmc(No. 194)
a(A) 4.1848(2)
c(R) 14.2524(7)
Vv (A3 216.16(2)
z 4
M, (gmol?) 156.6868
Peaic (gCni®) 4.815(1)

Data Collection

Source Bruker D8 Advance
Monochromator Ge(220)
A (A 0.7093

20 Range; Step (°) 4 << 50; 0.009

Structure Refinement

Program TOPAS (Bruker)
Rexp (%) 2.521
R, (%) 5.137
Rup (%) 6.935
Roragg (%) 2.594
Reduced/? 7.57
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Table 3.6: Atomic coordinates for HP-Snk

Atom  Site X y Occupancy U R
Snl 2a 0 0 0 1 1.778(36)
sn2  2c 13 23 1/4 1 3.567(47)

F1  4e 0 0  0.1588(13) 213 17.01(32)
F2 4 13 2/3 0.0539(13) 213 17.01(32)
F3  4f 2/3 13 0.1905(10) 213 17.01(32)

Table 3.7: Selected bond distances for HP-SpF

Bond

Distance (A)

Snt+F1
SntF2
Sn2—F1
Sn2—F2
Sn2—F3

2.26 (x2)
2.54 (x6)
2.74 (x6)
2.79 (x2)
2.56 (x6)
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Fig. 3.30: Crystal structure of HP-Snk along [110] direction (top picture) and [0QL] direction
(bottom picture). Coordination polyhedra around the 3 crystallographically distinct F anions
are displayed in red (F1), blue (F2) and green (F3)
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3.2.5 Discussion of Crystal Structure of HP-Snf

The results of the crystal structure determination HP-Snk, demonstrate that it
comprises an ABAC packing of $ncations, with Fanions statistically distributed
amongst all interstitial voids (tetrahedral andabedral). In the Rietveld refinement
the F anions were constrained to the 3-fold axes to taeina simple model.
However, the large thermal parameters of tharftons (see Table 3.6) suggest that
additional off-axis disorder is likely, but this difficult to verify without neutron
diffraction data (which could not be obtained fdP43nF, as the yield per experiment
was only ~ 10 mg). The presence ohRion disorder can be justified based on the
experimental conditions at which HP-Srierms (p > 8 GPa and T > 520 °C). In-situ
high pressure - high temperature DTA studies of,%0K p <2 GPa and T > 300 °C)
reported in the literatufenote the rapid increase of the melting point of S /dp

= 100 KGP&) as well as thei-Snk — y-Snk transition temperature (dT/dp = 170
KGPa') with increasing pressure. However, as the lattereases more rapidly than
the former,y-Snk, was no longer observed at p > 0.9 GPa (after wbkSnk, was
favoured up to the melting point). This observatiberefore explains why neith@s
Snk, nor y-SnF, was recovered from any ‘large volume' press expi in the
current work. On the other hand, at the much highessures currently explored (i.e.
p > 8 GPa)n-Snk is certainly no longer favoured up to the meltirainp and first
undergoes transformation to HP-Snfhe adoption of an ABAC packing by the’Sn
cations is favourable from pressure-consideratiaglst the high temperatures (T >
520 °C) provide the necessary thermal energy tadach partial 'melting' of the F
anion sublattice. Indeed, there are already wedhkn examples of oxides and
fluorides (also with lone-pair-bearing cations)tthadergo such a partial 'melting' of
their anion sublattice at high temperature. Oramgle is BiOs, which transforms to
3-Bi,03 >?at T > 729 °C before finally melting at 824 °3-Bi»O; can be regarded as
a CCP packing of Bf cations in which the © anions statistically occupy the
tetrahedral voids. The presence of dynamicallyrdisred anions and vacancies
explains whyd-Bi,O5; exhibits a high ionic conductivity. At ambientegsure such a
disordered structure is unthinkable for gras it already melts at ca. 215 °C; however

at p > 8 GPa the melting point can be estimatdaeton the order of 1000 °C (based
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on extrapolation of the previously-reported meltingrvé®), thus temperatures
capable of inducing large” Rnion mobility can be reached well below the meiti
point. Another striking example is the homologeospound PbHmelting point ~
818 °C), which exhibits high ionic conductivity alevated temperatures (an
observation first made by Michael Faraday aroun@ {&ars ago). The electrical
conductivity of the cubic modificatiof-PbF, (fluorite-type) reaches as much as ~ 2
Scnit at 527 °C¥ The ionic conductivity is attributed to the fortiom of a very large
number of Frenkel defects. Studies suggest thabupthird of the Fanions may
enter the octahedral voids yielding an essentialglten' F sublattice (which is
equivalent to a CCP arrangement of?Pleations with F anions dynamically
disordered across all tetrahedral and octahedidk)oalthough evidence for subtle
short-range clustering of vacancies and interiitiaxists®®>  Moreover, the
observation that SnFonly adopts a 'close-packed' arrangement of cat(atizeit
ABAC sequence) at high pressures, wher@aBbF, (CCP cation arrangement)
already does so at ambient pressure, is consisimthe pressure-homology ruifé.
The process of stabilising HP-Sinb ambient temperature via “T-quench” can thus
be regarded as ‘freezing’ the dynamically-disordefeanions at high pressure / high
temperature to a metastable, statically-disordestate at high pressure / ambient
temperature. The tendency for HP-gmé- transform back to-Snk, must therefore
be due to a rapid ordering experienced by thantons. Only when the “T-quench”
rate is sufficient to overcome the kinetics of theanion ordering, can HP-Spbe
stabilised to ambient temperature. By contrasg, thte at which HP-SnFwas
subsequently depressurised post-“T-quench” wasreddeto play no role in the
stabilisation of HP-Snf= The 'intermediate SaFobserved in some quenched HP-
Snk, samples (see Section 3.2.3) can be attributed partal degree of Fanion
ordering that occurs during “T-quench” when the lzap rate is not sufficient to
‘completely’ overcome the kinetics of thé d&nion ordering. Conversely, the
emergence of 'intermediate Shi pure HP-SnfFonce the sample is heated to T >
100 °C at ambient pressure (see Fig. 3.27) shomighhk statically-disordered state of
the F anions requires low thermal activation to initiatee process of 'Fanion
ordering. Consequently the ‘intermediate Smiust be regarded as a progressive

crystallographic distortion of the Srsublattice in HP-Snfinduced by increasing F
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anion ordering. In fact, a small amount ofdnion ordering is even present in so-
called ‘single-phase’ HP-SpBamples, as even these exhibit weak signs of tstor
evidenced by the un-indexed reflections in the pawédray diffraction pattern (see
Fig. 3.29). The reason that &ion ordering distorts the Srsublattice is due to the
fact that the STi lone pairs (which exhibited orientational disoriteHP-Snk) also
begin to order in particular directions and in sind destabilise the high-symmetry
ABAC packing of SA" cations. At some point the distortion in 'intetizée Sni
reaches a critical level such that nucleationae®dnF, is triggered. As the latter
process requires the formation of puckeredFgnings with significant covalent
charactef’, the transition from ‘intermediate ShEo a-SnF must proceed via a

reconstructive type of phase transition.

3.2.6 Further Studies of HP-Snk

In addition, HP-Snf was also investigated by SAED (Selected Area Hectr
Diffraction), Raman spectroscopy ahdSn /*°F MAS (Magic Angle Spinning) solid
state NMR spectroscopy. However, the phase prdeetde unstable under the
measurement conditions. Thus the high-energyreledieam / ultra-high vacuum in
SAED, localised laser-induced heating effects iR spectroscopy and extreme
centrifugal forces and/or internal friction expesed by samples itt%n /*°F MAS
NMR (spinning frequencies as high as 60 kHz wereesgary to remove dipolar
coupling), sufficed to induce back-transitionoteSnk,. Yet the unusual sensitivity of
HP-Snk can be interpreted as further evidence for thegmee of 'frozen’ Fanion
disorder in the quenched phase, since the activaitergy for inducing Fanion
ordering ought to be low and is thus easily triggeby harsh physical stimuli. Thus
future progress in the understanding of HP-Smlf presumably only be possible via
in-situ high pressure - high temperature studies (e a diamond anvil cell), since the
phase can then be investigated at conditions whese¢hermodynamically stable and
the problem of the sensitivity of quenched samjdeavoided. However this lies

beyond the scope of the current work.
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3.3 Antimony(lll) Oxide, Sb,03

Antimony(lll) oxide (SkOs3) is one of the commercially most important comymtgin

of antimony, and finds widespread application anfe retardants. Although it occurs
naturally in mineral form as both senarmontite aaléntinite, commercial production

iIs mainly carried out via smelting of stibnite o(8S;). SBO; is known to

crystallise in two distinct modifications. Onetbise is cubic SB; (senarmontite),

which crystallises in the space groﬁpém (No. 227) and is isotypic to cubic A3
(arsenolite). The crystal structure is built updi$crete SEOs molecular unit§®
Cubic ShOs; is subsequently referred to as-SkO3". The other modification is
orthorhombic SHO; (valentinite), which crystallises in the spaceugr&ccn(No. 56)
and comprises infinite double-chains of purely eorsharing Sb@ trigonal
pyramids, arranged parallel to tb@xis and held together in a hexagonal rod packing
arrangement? The latter modification is subsequently referredam® B-ShOs".
Although a-Sk,O3 represents the thermodynamically stable modificeaat ambient
conditions an@3-Sh,O3 the stable form at higher temperatures, the lateralso be
prepared at ambient conditions (e.g. by hydrolydiSbCk) where it persists in a
metastable state for indefinite peridds. Furthermore, although the previously
reported values for the-ShO; to B-Sh,O; transition temperature span a notable
range (570 - 606 °C), recent studies suggest thatay in fact be a multi-stage
process, setting in at ~ 615 °C but then becomirebksed until ~ 643 °C due to
minor oxidation arising from the presence of swfaound G-H groups, and
exhibiting significant dependence on the size/stodithe graing’ Recently, for the
first time high pressure - high temperature expernita with SBO3; at pressures up to
19.5 GPa and temperatures of 600 °C were carrieédutising the same ‘large
volume’ presses as being employed during the curvesrk®® In this a new
metastable modification of 803 - termed y-Sh,O3"- was identified and its crystal
structure solved from high-resolution synchrotrawger diffraction data. Thig-
ShO3 was found to consist of infinite chains of corsearing trigonal pyramidal
SbG; units, similar to-SkOs. However, iny-SkO3 three such Sbunits link to
give a ring, and a fourth one acts as a connedtwden the rings to form complex

chains, whereas iB-Sh,O3 the SbQ units link directly to give simple double-chains.
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Furthermore, the chains pSkOs; are held together in a tetragonal rod packing
arrangement and are cross-linked via—8bB-Sb bridges, whereas i&Skh0; they
adopt a hexagonal rod packing and are not croksdin Apart fromy-Sk,Os, the
author also briefly mentioned a second new metbestatiase (subsequently referred
to as 8-Sh03"); however the powder X-ray diffraction patterreteof could not be
indexed. Therefore, a closer investigation of #usf-yet unsolved-Sh,O3; has been
taken as a primary objective for the current wordditionally, on the basis of his
high pressure - high temperature experiments ti@agonstructed an empirical p-T
phase diagram for 903, from which the stability fields of the various £8 phases
were described. However, recent calibrations edraut for the belt and multi-anvil
presses (see Section 6) have revealed that theupeesload calibration curves being
employed at that time were inaccurate (as they wehg based on estimates or used
the calibration curves of ‘large volume’ pressemnfrother laboratories), leading to
serious errors in all quoted pressure values. hEurtore, confusion regarding the
outcomes of some of the experiments also seemav® tccurred, which has found
its way into the reported p-T phase diagram. Cgumesetly a re-evaluation of the
primary experimental data from these earlier expents and the construction of a

corrected p-T phase diagram are presented in tinentwork.

3.3.1 Crystal Structure ofd-Sb,03

For the purposes of the current work, sampled8tH,0; prepared during the course
of earlier high pressure - high temperature expemis with SkO; were employed®

All these samples were prepared on the multi-apkaiss utilisinga-Sk,O3 as the
starting material. The corrected experimental p@tars for their preparation can be
found later (see Section 3.3.5). Powder X-rayraddfion patterns were recorded for
the 8-Sh,O3 samples (using Mo-& radiation, since the Sb was found to fluoresce
significantly when using Cu-¢§ radiation). The powder X-ray diffraction patterns
could be indexed via an orthorhombic unit cell watk 12.221 Ab = 7.454 Ac =
7.263 A andV = 661.6 R. The cell volume is comparable to thatyeBbO0s (V =
658.6 &) and suggest& = 8. In fact, the lattice parametersd®$h,0; exhibit only

small deviations from those fSh,O3, and a surprisingly good agreement between
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calculated and observed powder X-ray diffractiotemsities could be obtained by
simply distorting the crystal structure 65,03 (see Fig. 3.31). This implies that the
Sb sublattice 0fd-SkhO; must be similar to that iy-Sh,O3 (since the reflection
intensities are dominated by the strongly scatie8h atoms). However, this does not
afford any reliable information regarding the posis of the relatively weakly
scattering O atoms. Furthermore, there are alseesw@eak reflections in the powder
X-ray diffraction pattern that are not accounted foy the aforementioned
orthorhombic unit cell (even iR222, No. 16), and no alternative lower symmetry uni

cell could be found that would account for them.

100.0
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LY mjhhwmmm

Relative Intensity (%)
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8.0 12.0 16.0 200 240 280 2Theta

Fig. 3.31: Calculated (top) and measured (bottom)gwder X-ray diffraction patterns for &Sh,0;
(Mo-K a; radiation)

3.3.2 Selected Area Electron Diffraction (SAED)

Subsequently measurementd$h,03 specimens using SAED (selected area electron

diffraction) was carried out (see Fig. 3.32).
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Fig. 3.32: SAED pattern for zone axis [211] 03-Sh,0O3

On the basis of the SAED patterns a large orthothiomnit cell witha = 7.30 Ab =
24.469 A, c = 30.508 A andv = 5449.45 R was found for&-ShOs. From
consideration of volume increments it can be if@ithatZ = 66. Thus it appears that
0-ShO3 is a variant of-Sk,O3 possessing a large supercell, which could be dae to
longer range ordering of the O atoms. Howeveg asnsequence of the large lattice
parameters and low scattering power of the O atatadive to Sb atoms it has not
been possible to solve the crystal structur®-8t,03; from powder X-ray diffraction
data. Furthermore, as it has only been possibedpared-Sh,O3;in small quantities
via multi-anvil experiments (2 mm or 1.7 mm sampkgpsules) it was also not
possible (within the time constraints of the cutrenrk) to gather sufficient material
for complimentary investigations (e.g. powder neatdiffraction).

3.3.3 Raman Spectroscopy

Specimens o®-Sh,O3 as well as the known 8D; modifications were subject to

Raman measurements (see Fig. 3.33). In agreemtntiteraturea-Sk,O3 (Fdém,
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factor group ) gives rise to a simple Raman spectrum with 8gasdile lines (~ 87
cm® (Tag), ~ 122 crit (Ey), ~ 192 cril (Tog), ~ 257 cnt (A1g), 0359 cnit (Ey), ~ 375
cm* (Tag), ~ 452 el (Ayg) and ~ 718 ci (Tog).®® However, on the basis of more
recent theoretical work the line at ~ 87 trshould perhaps be attributed to a
translational mode of the B unit within the crystal, and the broad/low intépsi
line at 0359 cm' may comprise overlapping,Jand E modes® By contrast, the
Raman spectrum @@-SkhO3; has been reported but remains unassigned. Adbtl
Raman lines were reported (71, 103, 140, 194, 2@3, 294, 449, 502, 602, 690 tm
1, % which is in agreement with the current spectruffor B-Sh,Os (Pccn factor
group D%, a total of 30 Raman-active modes is expecteq (7AB, + 8By + 8Bsy)

all of which are optical modes (the 3 acoustic nsoBg, + By, + Bg, are only IR-
active). The presence of very broad Raman lineécates overlap of numerous
modes. The polymeric nature @Sh,O3 in contrast to the high-symmetry molecular
nature ofa-ShOs is reflected in the highly distinct Raman spectren a similar
manner, comparison of the Raman spectrum-8H0; (P2:2:2;, factor group )
with that of B-Sk,Os reflects the more condensed polymeric nature ef fdrmer
compared to the latter. Indeed, fpiSh,O3 there are 120 Raman-active modes
predicted (30A + 30B+ 30B, + 30B;) of which 3 are acoustic modes;(B B, + Bg),
and the complex Raman spectrum is consistent \With tThe fact that the Raman
spectrum ofy-Sk,O3 exhibits similar distributions and relative intéies of Raman
lines to that of the new, unsolved modificatidrSh,Os, suggests that the latter also
crystallises with a complex polymeric structure gtark contrast to the discrete,Sb
molecular units ofa-Sk,O3). The large lattice parameters determined &&@h,03
from the SAED investigations, along with the fawttthere is a close similarity in the
Sb sublattice betweenSh,Oz; andy-Sh,Os further corroborates this.
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Fig. 3.33: Raman spectra fod-Sh,03, y-Sh,03, B-Sh,0; and a-Sb,O; (intensity scale normalised)

3.3.4 DSC Measurements a¥-Sb,O;

Samples oB-Sh,O; were investigated by means of DSC measurements 600 °C
(see Fig. 3.34). A single exothermic transitiorsveéserved during the first heating
cycle, but no longer in subsequent cycles. Powdey diffraction analysis of the
post-DSC samples confirmed that complete transfoomao a-Skb,Os had occurred.
TonsetaNdAHyansiion Values for the observed exothermic transition amhéa ~ 188 °C
and ~ -6.0 kJmdl respectively. Thus\Hyansiion iS comparable in magnitude to
reported values for the endothernnieSh,O; — B-ShO; transition (+4.2, +5.81 or
+7.5 kmof).** However, complimentary DSC measurementd-8h,03; samples to
lower temperatures (T < 350 °C) followed by anaysi the post-DSC samples
revealed the presence of oflySh,Os. Thus the exothermic transition observed for
0-ShyOz at ~ 188 °C does not correspond to a dideBth,0; — a-Sh,O; transition but
rather ad-Slp,O3; — [-SkyOs; transition. By contrast, literature studies af faSh,03

— a-Shy0Ojs transition® (which occurs in the vicinity of 600 °C) show thiaactually

proceeds via a sublimation mechanism and is kiaktiimited by the formation of
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gaseous S©s molecules that nucleate onto the surfaceB-8t,03, which explains
why the process is only favoured at much highempenatures. Nevertheless, no peak
corresponding to thB-Sb,O; — a-Sk,O3 transition was observed in the current DSC
measurements d-Sh,O3;to 600 °C (after whicla-Skb,O3; was recovered), possibly
due to the fact that the thermal effect was weak eraded detection. The fact that
AHyansiion for the 3-Sh,03 — B-Sh,O; transition (ca. -6.0 kJmd) is comparable to
that of the exothermif-Sh,O3; — a-Sh,O3 transition (i.e. reverse of the endothermic
a-ShO3; — B-ShOs transition mentioned earlier) indicates the®Bl,Os is less stable
than-Sk,O3, and the latter is roughly intermediate betwéeBl,O3; anda-ShkOs in
terms of thermodynamic stability. Moreover, thetfiatd-Sh,O3 transforms directly

to B-ShO; at temperatures as low as ~ 188 °C suggests thatyistal structure is
unlikely to be comprised of discrete /83 molecules (c.f.a-S,O3), otherwise a
direct transition to the thermodynamically-stabk&h,O; via a displacive mechanism
ought to be kinetically facile at these temperatyees the activation energy barrier for
such a rearrangement should be relatively low)erdtore,d-Sh,O3 is more likely to
crystallise in an extended polymeric type of crlystaucture (c.f.y-Sh,O3), since in
this case a structural rearrangement of the coestitpolymer chains (resulting
Sh,O3) seems reasonable and is anticipated to be katigtiacile at the temperatures

for which thed-Sh,O3; — B-Sh,O3 transition was observed.
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Heating Curves

Cooling Curves

DSC Signal / pVmg"

1st Cycle
—— 2nd Cycle
3rd Cycle

-0.40 T I T I T I T I T I T I T I T I T I
100 150 200 250 300 350 400 450 500 550

Temperature / °C

Fig. 3.34: DSC measurement for & Sh,O5; sample, carried out across the temperature ranges2<

T <600 °C (only 100 - 550 °C is displayed). Alhtee heating/cooling cycles are shown

3.3.5 Revised p-T Phase Diagram for $0;

As already mentioned in the introduction to thistem, an empirical p-T phase
diagram for SgO; was recently reported (see Fig. 3.85)t was constructed on the
basis of 25 high pressure - high temperature exyaris conducted on the same
‘large volume’ presses as being employed in theeotirwork. However, newly
determined pressure - load calibration curvesHerktelt and multi-anvil presses (see
Section 6) reveal that there are serious errom®any of the experimental pressure
values presented in Fig. 3.35. Therefore, a rpgtts/e pressure correction for each
empirical data point is necessary. In the follayvithhe results of such a revision
(carried out by consulting the primary experimemiaia) are presented. A summary
of all 25 ‘large volume’ press experiments useddonstructing the old p-T diagram
along with experimental parameters (including botiginal as well as corrected

pressure values) and outcomes for all thgdglexperiments are given in Table 3.8.
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Fig. 3.35: Previously-reported empirical p-T phaseadiagram for Sb,05 (from D. Orosel). The
two data points at ambient pressure and T = 25 °Cral 600 °C were taken from literature

An inspection of Table 3.8 shows that notable pressorrections were necessary for
the belt press and multi-anvil press experimertispagh the pressure values of the 5
piston-cylinder experiments were acceptable. Tdreected pressure values of the 8
belt press experiments show that the original pmess/alues were invariably
underestimatesdp = 1.5 - 2.5 GPa). By contrast the correctedgumesvalues of the
12 multi-anvil press experiments reveal that thegioal pressure values were
overestimates in 9 experimentAp(= 0.5 - 2 GPa) and underestimates in 3
experiments4p = 1.5 - 1.7 GPa). Furthermore, when considetiregoutcomes of
the 7 multi-anvil experiments that led to new mimaifions of SBO; (No. 14, 15, 19,
20, 21, 24 & 25), which are denoted with the labigiSh,O3 + unidentified phase” or
“y-S,O3 + a-Sk,O3” in the legend of the old p-T diagram, it mustdemcluded that a
confusion of nomenclature has occurred. The “untiled phase” is not synonymous
with the “8-ShO3” characterised in this work, as can be seen fraild 3.8.
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Table 3.8: Summary of experimental parameters for t previous ‘large volume’ press
experiments with a-Sh,O3, displaying original versus corrected (*) pressurevalues (P = piston-

cylinder press, B = belt press and M = multi-anvipress)

Exp.No. p/GPa p/GPa* T/°C t/hours Press utc@me

1 2 2 400 18 P 0-ShOs

2 2 2 100 2 P 0-ShO;

3 1 1 150 2 P a-ShOs

4 1 1 550 2 P B-ShOs

5 2 2 565 2 P B-Sh,Os;

6 6 7.9 600 2 B Sb

7 6 7.9 400 1.5 B B-ShO;

8 6 7.9 200 1.5 B B-ShOs

9 4 6.5 400 2 B B-ShOs;

10 4 6.5 515 2 B B-Sb,0, + B-Sh,0;
11 7 8.5 450 0.5 B B-Sb,0, + B-Sh,0;
12 4 6.5 200 2 B B-ShO;

13 7 8.5 100 2 B 0-ShO;

14 15 145 390 2 M 0-Sh,0s

15 10 8 400 2 M 3-S5 + y-S,O3
16 19.5 18 400 2 M B-ShO, + Sb
17 12,5 14.2 25 5 M a-ShOs

18 15 145 350 18 M B-ShO, + Sb
19 9 7.7 345 25 M 0-Sh,0s
20 125 145 325(?) 2 M y-Sh,O;
21 10 8 380 0.5 M 0-Sh,0s
22 12,5 14 540 2 M B-ShO, + Sb
23 15 145 200 28 M a-ShOs
24 9.2 7.8 255 2 M a-ShO;+ 5-ShO;
25 10 8 530 1.25 M y-Sh,O;

Specifically, pured-Sh,Os; was obtained in 3 experiments (No. 14, 19 & 21)yep
SkOsin 2 experiments (No. 20 & 25) anddaSh,03; / y-Sk,O3 mixture in 1 other
experiment (No. 15). However, in the old p-T dagr(see Fig. 3.35) these outcomes

are all represented by the same symbol (which motéel {-Skh,O3; + unidentified
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phase” in the legend). Furthermore, the experinyeitding ana-Sk,O3 / d-Sh,O3
mixture (No. 24) was denoted ag-ShO; + a-Sk,O3” in the old p-T diagram.
Consequently, in the revised p-T diagradSh,O; and y-ShO3; are carefully
distinguished (i.e. distinct symbols/colours usemt tach). Additionally, one
experiment that yielded pureSh,O; suffered from a broken thermocouple prior to
heating (No. 20), such that the plateau temperataitge is highly uncertain (because
reliable power - temperature calibrations were ratailable at the time).
Consequently one new multi-anvil experiment hasesiheen performed using the
same corrected pressure and claimed temperatumeeaperiment No. 20. However,
the outcome was pure-Sh,0O3, suggesting thay-Sk,Os; is only formed at higher
temperatures (thus the temperature in the origgmperiment was underestimated).
The revised outcome for experiment No. 20 is inetudn the new p-T diagram.
From the revised pressure values it can be seenhsiirme of the belt press
experiments actually employed the same set of erpetal conditions (i.e. pressure
and temperature) as some lower-range multi-anyaiearments, although surprisingly
the outcomes are very different. For instance,lmeiepress experiment that afforded
B-ShOs3; (No. 8) and a multi-anvil experiment that yieldada-Skh,Os3 / &-Skh0O3
mixture (No. 24) employed comparable parameteedsure, temperature and dwell
time. Similarly, another belt press experiment @orded3-Sk,Os (No. 7) shared
the same experimental parameters as a multi-axpédrenent that yielded &Sk,O3/
y-ShO3 mixture (No. 15). This appears to suggest thattithesition froma-Sk0s
into the other modifications is sensitive to théuna of the pressure medium being
used (which is known to be less hydrostatic inkiek press as compared to the multi-
anvil press). Consequently, it is difficult to ube results of both belt and multi-anvil
press experiments on the same p-T diagram, sieceuttome at a particular pressure
and temperature can vary between the two preddeseover, neithed-Sh,Os nor y-
SkOs3 (i.e. the high-pressure modifications) could bdaoted from a belt press
experiment (suggesting that the more hydrostagsgure medium of the multi-anvil
press is actually critical to their formation). ughthe 8 belt press experiments are
subsequently omitted from the revised p-T diagrafinally, the decomposition
process (i.e. 4 SB; — 3 SBbO, + 2 Sb) that was reported at the highest pressures

(No. 16) and which was also occurred at lower pnessfor long dwell times (No. 18)
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or higher temperatures for short dwell times (N&) @emonstrates that at high
pressure - high temperature conditionsCsbis thermodynamically unstable with
respect to decomposition. Thus only by keepingdiell times short and/or not
going to excessively high pressures or temperattagasthe extent of decomposition
be limited and hereb§-Sh,0O3 or y-Sl,O3 be obtained as a main phase fraction (the
formation kinetics of these metastable high-presginases thus outweighs that of the
thermodynamically-driven decomposition).  Therefdte seems unnecessary to
include experiments that led to decomposition (N&.18 & 22) in the updated p-T
diagram. The final, revised p-T diagram is dispthpelow (see Fig. 3.36).
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Fig. 3.36: Revised p-T phase diagram for S3;

As can be seen, the revised p-T diagram sheds m&ghts on the high pressure -
high temperature behaviour of £3. The thermal stability ofx-SlpO3 at high
pressures (ca. 8 - 15 GPa) is greater than prdyithusught; it actually extends well
beyond 200 °C, and even as high as 325 °C. Howavdhe old p-T diagranf-

ShO3; was already observed at temperatures as low asQ@r pressures of 6.5
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GPa and 7.9 GPa), since the corresponding p-Tmtatas were based on belt press
experiments (where the-Sh,O3; to 3-SkO;3 transition temperature is lower, as it is
favoured by the less hydrostatic pressure mediurth@fbelt press). Beginning at
pressures of ca. 7.8 GPa and temperatures of &a’@ba partial transition afi-
ShO3t0 d-ShO3is already seen. PudeShOsis observed at pressures of 8 - 15 GPa
and temperatures of 255 - 400 °C. By contrast,sfarilar pressures but higher
temperatures (ca. 530 °@Sh03is obtained, whilst at intermediate temperatures (c
410 °C) ad-Sh,O3/ y-SkbO3; mixture occurs. Accordingly-Sh,O3; appears to be a
high-temperature form @-Sh,O3;. A comparison of the p-T stability field 6tSk,O3
and y-Sk,O3 with the corrected pressure values of the beltpegperiments (see
Table 3.8) reveals that in some of the belt pregeements (e.g. No. 7 or No. 11)
either 6-S,O3 or y-SbOs; should have been formed. However, no trace ofethes
phases was observed in the products, implying tt@tmore hydrostatic pressure

generated in the multi-anvil press is indeed ciuoigheir formation.
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3.4 Intercalated Lead(ll,IV) Oxide: PbsO4F, and Li,PbsO,

Lead(ll,IV) oxide (PBOy), also known by the mineral names ‘red lead' @mitrm’
(after the Minius river in north-western Spain, wdet was first mined), is an
important mixed-valence oxide of lead. It has besployed as a red pigment even
since roman times and nowadays finds applicatiotoimosion-resistant paints, lead-
acid batteries, production of ceramic glazes armdl lglasses and as a vulcanising
agent in rubbers and plastics. The chemical faamcén also be written as
(PEM(PE™(0%),s to emphasize the distinct valence states of le#d. ambient
conditions the compound crystallises in the tetnajspace group4./mbc The
crystal structur® is composed of infinite chains of distorted, edgering PH'Os
octahedra, with each chain being surrounded by feighbouring chains rotated by
90° relative to the central chain. The®Plions are located between the chains
(linking these together) and are coordinated bgdloxygen atoms from two adjacent
chains yielding PBO; trigonal pyramids (or distorted P, pseudo trigonal
bipyramids if the next-nearest oxygen is includetie PB* ions alternate in a zigzag
manner parallel to the chain direction with thesf Bne pairs directed into hollow
channels formed between the chains, giving a faapgn/hollow crystal structure.
Apart from the crystal structure investigationsaatbient conditions, B0, has also
been studied at low temperatures, with reportscairehorhombic modification (space
groupPban) arising from a displacive phase transition upoaling below 170 K3

In contrast, no high-temperature phases are rapartd at ca. 605 °C the compound
decomposes to Pb®. Reports of high pressure - high temperature iiy&tsons of
Ph;O, also exist® Here a uniaxial press coupled with an externaldoe was used to
explore pressures up to 4.5 GPa and temperatutggtass 500 °C. However, above
certain pressures and temperatures disproportmnati PO, into PbO and Pi®D;
was observed. A disproportionation boundary wigative dP/dT slope was found,
from which AHgisproportionationvas evaluated to 4.5 kcalrio{18.8 kImaf). Thus no
guenchable metastable polymorphs of®hwere observed. On the other hand, more
recently in-situ high-pressure studies og®p(at ambient temperature) via a diamond
anvil cell to pressures up to 41 GPa were describddere evidence for two second
order phase transitions was presented, with thaearhBBO, modification (denoted
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"phase I" by the authors) transforming to an ofiibanbic phase (space groBpam)

at p ~ 0.2 GPa (denoted "phase II"), and the lattansforming to another
orthorhombic phase (space grd@bpam halvedc-axis relative to "phase II") at p ~ 6
GPa (denoted phase 1ll). Phase Il and phasegiesent crystallographic distortions
of the ambient phase. In phase Il th&'Pp octahedra are more regular than in phase
|, whilst the PB* ions are split into two crystallographically distt sites without
change of coordination. By contrast, in phaselllPi¥* cations are indistinguishable
and their coordination has increased to give @4, capped trigonal prism, which
suggests that the Pb6s’ lone pairs may have been forced into an s-typte siahave
become delocalised. However, phases Il and lllewanly observable in-situ, i.e.
were lost upon decompression. In the current waitkmpts have been made to
intercalate small amounts of fluorine or lithiumtanP3O,. Subsequently high
pressure - high temperature experiments would teeeal whether small changes in
the PB*/PB™ ratio may help to circumvent the disproportionati®haviour observed
for pure PBO, in previous work and offer a potential route tegchable metastable
modifications, perhaps with unique electrical pmips (e.g. metallic conductivity

arising from delocalised lone pairs).

3.4.1 Investigations of PEO4F

3.4.1.1 Preparation

Prior to intercalation with fluorine, the pre-drieshd finely-divided P40, starting
material (Merck, > 99 %) was first analysed by pew&-ray diffraction and IR
spectroscopy in order to ascertain phase purityadnsgénce of moisture respectively.
Subsequent procedures were all performed undemeahatmosphere of argon inside
a pre-dried glass Schlenk vessel. First a meagyuradtity of PBO, was introduced.
Thereafter, an appropriate quantity of XéRlfa Aeser, 99.5 %) was added directly
to the PBO, under flow of argon, after which the vessel waalest The Schlenk
vessel began to warm slightly indicating that theercalation of fluorine is
exothermic, thus the vessel was maintained at ld@ereperature via an ice bath. In

general the Schlenk vessel was left for periodgpofo ca. 10 days before the sample
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was recovered. A progressive colour change ofRb®, from an initial bright-
orange to dark-brown was observed (see Fig. 3sBifjgesting that intercalation of F
atoms and the concomitant oxidation of somé& Rimds to a decrease in the size of
the optical band gap. Attempts to study this farthvia diffuse reflection
spectroscopy were, however, hampered by the asisgty of the intercalated
compound (the sample holders employed in theseursagnts are not air-tight, and

are thus only suitable for air-stable materials).

Fig. 3.37: Brown colour of PRO,4F, (right) versus orange colour of pure PEO, (left)

During intercalation the XeFfunctions as a moderate fluorinating agent. The F
atoms enter the hollow channels in the crystalctine of PO, 3% and oxidise a
proportion of the PH to PH*. The chemical equation for the reaction can hitenr
as:

PO, + n Xekh — PyO4F2n + N Xe

Thus in order to oxidise all Pbto P* two equivalents of XeFwould nominally be

required. The resultant compound (3©§~,") is unknown and would presumably be
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unstable with respect to decomposition (e.gs2B," — 2 PbQ + PbF). However,
intercalation of P¥D, using various quantities of XgRwvas attempted (e.g. 4
equivalents, 12 equivalents etc), and subsequerX EBRmental analysis of the
intercalated compound revealed that the averagguptccomposition was RO4F,
(corresponding to oxidation of approximately halftoe PB"), independent of the
amount of XekFemployed (which is consistent with the mild fluaiimg power of
XeF,). Therefore excessive oxidation and/or concorhitletomposition were not
observed. The Raman spectrum fog®py (see Fig. 3.38) reveals the presence of
additional bands relative to pure #h, which are attributable to Raman modes
involving the Fanions. By contrast, the powder X-ray diffractipattern (see Fig.
3.39) still exhibits the reflections characteristed PO, demonstrating that

intercalation did not lead to decomposition (or sgmolymorphic change).
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Fig. 3.38: Raman spectra for PEO4F, and Pb;O4 (intensity scale normalised)
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Fig. 3.39: Powder X-ray diffraction patterns (Cu-Ka; radiation) for Pbs;O4F, (top) and pure
Pbs;O, (bottom). Red lines indicate reported reflection®f Pb;O4

3.4.1.2 High Pressure - High Temperature Experimeist

The PRO4F samples employed for high pressure - high temperagxperiments
were finely ground and tightly compacted into metalapsules (Ag, Au or Ta) inside
an argon-filled glove-box. For piston-cylinder eximents welded 4 mm Ag or Au
ampoules were used, whilst for belt press runs 4 Tantapsules were employed.
Experiments were executed on the aforementionesbeseutilising pressures of 2 - 8
GPa, temperatures of 25 - 500 °C and dwell timekred5 hours. Experiments on the
piston-cylinder (p = 2 GPa) were terminated by twplsamples over 15 minutes,
whilst belt press runs (p > 2 GPa) were ended Witguench". Afterwards the
sample capsules were recovered and the productsveeiminside an argon-filled
glove box. The finely-ground polycrystalline pratia were filled into narrow glass

capillaries, sealed, and characterised by powdexyXdiffraction.
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3.4.1.3 Outcome

The results of the high pressure - high temperagxgeriments with PJO4F, are
summarised in an empirical p-T phase diagram b&ee Fig. 3.40).
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Fig. 3.40: Empirical p-T phase diagram based on R ,F, experiments

The results of the high pressure - high temperayperiments demonstrate that even
at a moderate pressure of p =2 GPa and T = 2héG(nbient temperature) a partial
decomposition of PO, to PbR and PBOF, already took place. At these
conditions the PbFformed was a mixture of the cubfPbF, (fluorite-type) and
orthorhombicn-PbF, (cotunnite-type) modifications. For the same pues, upon
increasing the temperature to 200 °C a similarigadecomposition (to PbFand
P,OF,) was observed, except that the Plbérmed was now exclusivelg-PbF,.
The polycrystalline products recovered from the taforementioned experiments
were bright orange in colour, consistent with thespnce of residual BO4F.

However, upon increasing the temperature to 30@&Cesidual P¥D,F« remained;
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rather complete decomposition to,Bb and a-PbF, was observed. Increasing the
experimental temperature further (e.g. to 500 &Q)tb the same result. Furthermore,
the same decomposition (i.e. yielding,®©p and a-PbF,) also occurred at higher
pressures (e.g. 6.5 or 8 GPa) for intermediate ¢eatpres of 300 °C (see Fig. 3.41).
The polycrystalline products recovered from expenis involving complete

decomposition generally exhibited a dark brown gnl@onsistent with the presence
of PkyOs (which is black).
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Fig. 3.41: Powder X-ray diffraction pattern (Cu-Ka, radiation) for Pb;O4F, post-experiment (p =
6.5 GPa, T =300 °C, 17 hours, “T-quench”). Red ahgreen lines indicate positions of Pio; and

a-PbF, reflections respectively

As already noted, at mild pressure/temperatureitiond (i.e. p = 2 GPa and 3200
°C) a partial decomposition of fyF, to Pbk + PBOF, (but no PbO3) was
observed. This signifies that the’Pb PE" ratio in the remaining RB4F, must
have increased (i.e. this represents a dispropatiian reaction, since it is chemically
impossible for P¥O,F to decompose completely to a ROAPOF, mixture in a
closed system). However, at higher pressure/testyrer conditions (2 < p < 6.5 GPa
and T> 300 °C) complete decomposition of 2F« to PBOs; and PbEk was
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invariably observed. If we assume that x = 2/8nthn idealised, balanced chemical

equation for the decomposition can be written:
3 POsF>3 — 4 PhOs+ Pbk

However, the assumption that x = 2/3 is possiblyuaderestimate because EDX
elemental analysis of the §hF samples indicated that x ~ 2. Either way, aceurat
quantification of fluorine via EDX is not possiblas it is a relatively light element.
But the presence of a small excess of fluorine lshoat be a problem, since it would
simply intercalate into the interlayer spaces knotwnbe present in the crystal
structure of P03 (which ought to be equally, if not, more facileaththe original
intercalation of fluorine into R®,). Thus a revised chemical equation can be

written:
3 PO4F, — 4 PhOsF+ PbR

Based upon the unit cell volumes forsBh (V = 508.01 &, Z = 4)** PhO; (V =
305.62 R, Z = 4)° anda-PbR, (V = 192.8 &, Z = 4)? the volume per formula unit
for each compound can be calculated: 127.0026PA0,), 76.405 R (PhOs) and
48.2 B (PbR). If it is assumed that the differences in |&tigarameters of RO4F,

vs. PRO, and PbOsF vs. PhOs; are negligible (which is reasonable, since the
difference between the observe@ 2flection positions of the fluorinated and non-
fluorinated compounds were very small), the voluthange for the decomposition

reaction can be estimated as follows:
AV = [(4 x 76.405) + 48.2] - (3 x 127.0025) = -27.1% A

As can be seen, the observed decomposition patlsasgsociated with a decrease in
volume of -27.19 A which corresponds to/8V of ca. -7.1 % relative to the starting
material. This means that the decomposition pooeght to be favoured at high
pressure, since under these conditions the equiaticthe Gibbs free energy change
(AG =AU + pAV - TAS) is dominated by theAY term. Thus in order foAG to be
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negative (the criterion for thermodynamic spontgnehV must also be negative.
Another interesting experimental observation in deeomposition of P4 is the
fact that the PbFformed in the experiment at p = 2 GPa and T =Q&d4nstitutes a
mixture of B-PbF, (fluorite-type) anda-PbF, (cotunnite-type). According to a
previously-reported empirical p-T diagram of Rlggee Fig. 3.42) the phase transition
from B-PbR to a-PbR at ambient temperature occurs at a pressure d.p+GPa®
However, the sluggish nature of this reconstructplease transition was also
commented on, so kinetic factors appear to offeretkplanation for this observation.
Hence, at higher temperatures (i.ex 200 °C) onlya-PbF, was observed among the
decomposition products, since here the activatimrgy barrier for the transition can
be overcome. Moreover, at higher temperaturegiReF, / a-PbF, phase boundary

is also located at lower pressure.
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Fig. 3.42: Previously-reported empirical p-T diagran for PbF, (Hull et al®®)
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3.4.2 Investigations of LiPbsO,

3.4.2.1 Preparation

Prior to intercalation with lithium, the pre-drieshd finely-divided P¥D, (Merck, >
99 %) was checked with respect to phase-purityadosgence of moisture via powder
X-ray diffraction analysis and IR spectroscopy extively. All subsequent
operations were carried out under strict inert s&phere of dry argon using pre-
assembled glassware. Measured quantities #idPbere added to a pre-dried round-
bottom flask under argon flow. Next a suspensidnthe solid was made by
dispensing a suitable quantity of dried hexane @minuously stirring the mixture.
Finally, a defined volume of n-butyl lithium solati (in hexane) of known
concentration was introduced in a slow, drop-wissnner over several hours whilst
maintaining the mixture at low temperature via #rmarol/dry ice bath. The relevant

chemical equation for the intercalation reaction ba written as:

Pb;O4 + X BuLi — LiyPk;O4 + X Bu

The n-butyl lithium therefore functions as a milbusce of Li atoms, which can be
regarded as entering into the hollow channels ptasehe crystal structure of E,

34 and reducing a corresponding fraction of th&"Rb PI5*. For reduction of all P
two equivalents of n-butyl lithium would be requirenowever the resultant product
("Li.Pb04") would be unstable with respect to chemical dgoosition ("LiP0,"

— LioO + 3 PbO), therefore use of only a fraction of thuantity of n-butyl lithium
together with cooling of the reactants was impeeato avoiding decomposition. One
equivalent of n-butyl lithium was found to suffi¢ehich would nominally lead to
reduction of half the Phions). Once addition of n-butyl lithium was comelethe
mixture was left to stir and react for a periodseveral days. A progressive colour
change of the R, from an initial bright-orange to dark-brown wassetved (see
Fig. 3.43), which suggests that the intercalatibhi@toms into the hollow channels
of PyO4 and the concomitant reduction of somé*Reads to a reduction in the size
of the optical band gap. However, attempts toystae further via diffuse reflection

spectroscopy were (as with #QF,) hampered by the air-sensitivity of the
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intercalated compound (the sample holders emplayeddnly suitable for air-stable
materials).

Fig. 3.43: Brown colour of LiPbsO, (right) versus orange colour of pure PO, (left)

The intercalated product B0, was recovered by means of filtration under inert
conditions (through a frit) taking great care toiavcontact between the product
suspension and the silicone grease used at thewgles joints. Whenever such
contact occurred, the precipitation of a pale whakd was observed. The precipitate
arose from reaction between residual n-butyl lthiand the silicone grease. ICP
elemental analysis of the pale precipitate revetiad it contained as much as 60 %
Si by weight. However, other means of recoverimgltiPlO, proved unsuccessful.
For example, rotary evaporation techniques onlyoreed a part of the hexane. On
the other hand, heating the suspension to tempesatdi ca. 100 °C under vacuum (in
conjunction with an intermediate cold trap to cclléhe condensate) caused the
initially dark-brown LiPk;O4 to turn black. Powder X-ray diffraction analysisthe
black polycrystalline product revealed it to contalemental Pb and PbO, i.e.
excessive reduction had occurred. Consequently fdtration in conjunction with
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specially-designed glassware (to help circumvenhtam between the product
suspension and the silicone grease during filtnatiallowed for uncontaminated
LixPs0O, to be obtained. ICP elemental analysis of thalfproduct indicated an
average composition of ¢iPksO, (corresponding to reduction of ca. 20 % of the
Pb*). The Raman spectrum for,Ph;O4 (see Fig. 3.44) exhibits the presence of
additional peaks relative to puresPh that arise from lattice modes involving thé Li
cations. Likewise a complimentary IR spectrum ofPb;O, (see Fig. 3.45) also
shows differences to that of pures;Pl especially across the 1200-700 trange,
due to additional vibrational and/or bending momeslving Li—O bonds. However,
the powder X-ray diffraction pattern (see Fig. 3.46ll exhibits the reflections of

P04, demonstrating that the desired intercalation ¢eziomposition) has occurred.
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Fig. 3.44: Raman spectra for LjPhsO, and Ph,O, (intensity scale normalised)
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Fig. 3.45: IR spectra for LiPb;O4 and PO,
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Fig. 3.46: Powder X-ray diffraction patterns (Cu-Ka; radiation) for Li ,Pb3O, (top) and pure
PbsO, (bottom). Red lines indicate reported reflection®f Pb;O4
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3.4.2.2 High Pressure - High Temperature Experimeist

The LixPkO, samples employed for high-pressure experimente wegpared in an
argon-filled glove-box. The finely-divided powderas compacted into 4 mm Ta
capsules and investigated using either the pisgtineer or the belt press. Pressures
of 2 - 6 GPa were explored, utilising temperatwe200 - 500 °C. In all cases the
dwell periods were about 4 hours (except for theeexnent at p =2 GPa and T = 500
°C, where it was 18 hours) and the runs were emdidd T-quench.” Afterwards the
sample capsules were recovered and the productsveeiminside an argon-filled
glove box. The finely-ground polycrystalline pratla were filled into narrow glass

capillaries, sealed, and characterised by powdexyXdiffraction.

3.4.2.3 Outcome

The results of the experiments withyRb;O, are summarised in an empirical p-T

phase diagram below (sé&. 3.47).
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Fig. 3.47: Empirical p-T phase diagram based on LPh;O, experiments
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The outcomes of the high pressure - high temperagxperiments with LP0,
show that varying degrees of decomposition are als®erved for this intercalated
variant of PBO, (c.f. PO4F in Section 3.4.1). Following the experiment at 8.5
GPa and T = 200 °C the ,Bb0, remained unchanged (consistent with the red-
orange colour that the polycrystalline product exked). Moreover, the powder X-
ray diffraction pattern did not reveal any crysighaphic changes relative to the
starting material. By comparison, after increasthg temperature to 300 °C
decomposition of LPO, was observed to set in. Thus the decomposition is
kinetically-limited (i.e. has a significant activ@ energy barrier). However, the
extent of decomposition was also dependent on pipeal pressure, since following
the experiment at p = 3.3 GPa and T = 300 °C aehasture of residual kPO,
Li,PbG; and PbO (in this case a phase mixture of tetrdgofbO and orthorhombic
B-PbO) was obtained, which still exhibited a red-gemolour, consistent with the
presence of residual JR0O4. On the other hand, after the experiment at @B3=-GPa
and T = 300 °C complete decomposition ta@® Li,PbQ; and PbO ¢-PbO +3-
PbO) was found (sefeig. 3.48). Here, the polycrystalline product nfiested a pale-
green colour (in contrast to the red-orange cotisgerved for samples with residual
LixPx0O4). This shows that this decomposition is favoul®d increasing both
pressure and temperature. By contrast, when thedmture was increased to T =
500 °C and the pressure lowered to p = 2 GPa, a mpoonounced type of
decomposition was observed, after which only metalPb remained (the

polycrystalline product was dull grey in colour).
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Fig. 3.48: Powder X-ray diffraction pattern (Cu-Ka; radiation) for Li ,PbsO, post-experiment (p
= 6.3 GPa, T = 300 °C, 4 hours, “T-quench”). Redgreen, purple and black lines indicate
reflection positions of PRO;, a-PbO, B-PbO and Li,PbO; respectively

For the complete decomposition reaction observedhi® experiment at p = 6.3 GPa

and T = 300 °C a balanced chemical equation camritien as follows:
3 LiysP0Os4 — PO3; + 6 PbO + LiPbGy

For the sake of argument one can assume that & éich is, however, close to the
composition of x = 0.4 determined from ICP elemkatalysis). Following on from
the reported unit cell volumes of £l (V = 508.01 R andZ = 4P* PhO; (V =
305.62 Randz = 4)°, a-PbO { = 78.56 RandZ = 2)°, B-PbO ¥ = 152.62 Rand

Z = 4Y°° andLi,PbQ; (V= 257.41 RandZ = 4)**, the volume per formula unit for
each compound can be determined: 127.0025L&ysPh:0s), 76.405 R (PhOs),
39.28 & (0-PbO), 38.155 A (B-PbO) and 64.3525 A(Li,PbQ;). The volume

change for the decomposition reaction can thersbmated as follows:

AV = [76.405 + (6 x 38.155) + 64.3525] - (3 x 12726D=-11.32 &
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As can be seen, the decomposition reaction is goanied by a volume decrease of -
11.32 &, which corresponds to AV of ca. -3 % relative to the starting material.
Therefore, this decomposition is accompanied byegative AV (c.f. PRO4F in
Section 3.4.1.3), which means that the reactioh veilfavoured at high pressure due
to dominance of theA term in the expression for the Gibbs free enaifggnge AG

= AU + pAV - TAS). The estimation oAV has of course assumed that the
discrepancy in the unit cell volume between,Pls0, and pure P, is small
(which is reasonable given that the differencehim 8 positions of reflections in the
respective powder X-ray diffraction patterns wagliggble). Moreover, it is also
assumed that all PbO formed in the decompositidheésdensef-PbO maodification,
which is consistent with observations (although reve the volume change is
calculated usingi-PbO, the resultam\V of ca. -1.2 % is still negative). Another
interesting observation is that the experiment at3:3 GPa and T = 300 °C only led
to partial decomposition of k0O, to Li,PbQ; and PbO. However nominally this
reaction can only go to completion if the compaositof the intercalated compound is
LiPb3Oy:

2 LiPbzO4 — 5 PbO + LiPbG;

But as the composition of the intercalated compowad shown by ICP elemental
analysis to be approximately dsPb;0, (reduction of ca. 25 % of the Bl the

decomposition must be accompanied by formationbe®l?
4 LigsPbOs — 5 PbO + LiPbG; + 2 POy

As Lio P04 and PRO, are difficult to distinguish by X-ray diffractiont was not
possible to quantify the relative amounts of each determine the extent of the
observed decomposition). Based on the formula wolimes quoted earlier, this
decomposition reaction is actually accompanied bglame increase of +1.1225°A
or + 0.22 % relative to the starting material. Hoer, ifAV were really positive then
it could not be favoured under high pressure. Tihasust be born in mind that the

calculatedAV value is based on unit cell volume data at antbeemditions; at each
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unique set of high pressure / high temperature iond the unit cell volumes will
vary from those at ambient conditions to differiegtents for each compound
(depending on the isothermal compressibility of ttwmpound at the specified
temperature). Moreover, the magnitudeé\sfis much closer to zero compared to the
AV values described earlier, so a negativeis more likely to result once isothermal
compressibility is included in the consideratidfollowing the experiments at p = 3.3
GPa and p = 6.3 GPa (both at T = 300 °C) a detiectedction of tetragonak-PbO
was observed in the resultant products. It sebatsthis must be attributed to kinetic
factors, since according to previously reportedito-high-pressure studies of PbO,
the a-PbO— B-PbO phase transition occurs at p > 2.5 &PEBhe latter studies also
revealed that the unit cell volume @PbO remains less than that@fbO even at
high pressures. Moreover, these modificationshkakhan unusually large anisotropic
compressibility along the-axis (N.B. the crystal structures of both modificas
consist of layers). Thus the assumption thatgbsitive AV’ calculated for the partial
decomposition at p = 3.3 GPa is incorrect, ancbality a significant volume decrease

occurs.

3.4.3 Comparison of PhO,4, PbsO4F, and LiyPbsO4

As already detailed in the introduction, during \poesly-reported high pressure -
high temperature investigations of pures®) decomposition to PbO + Rb; was
reported” An empirical p-T phase diagram was also presempeth which the
outcomes of the current gyF, and LiPk;O, experiments have been projected for

ease of comparison (see Fig. 3.49).
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Fig. 3.49: Previously-reported empirical p-T diagran for Pb;O, (Roy et af®) with current results
for Pb;O4F4 (left-hand panel) and LiPbsO,4 (right-hand panel) directly superimposed. White
circles, black circles and crosses (from Roy et afjfenote unchanged P}D,, PbO+Phb,0O; mixture
and points of reaction reversibility respectively. Symbols for the outcomes of P©O,F, and

Li,PbsO,4 experiments are identical to those in Fig. 3.40 an#lig. 3.47respectively (N.B. 10000
atmospheress 1 GPa)

From the formula unit volumes for B, PlrO3z; and B-PbOb-PbO (see Section
3.4.2.3) theAV for the previously-reported decomposition reactaf PO, can be
calculated to -9.8 % (assumifigPbO) or -8.9 % (assuming-PbO). The negative

AV is therefore in agreement with the experimentadlyified negative dP/dT slope as
expressed in the Clapeyron equation:

dp _AS _AH
dT AV TAV

As bothAV and dP/dT are negativAH must be positive (i.e. the decomposition is
endothermic), with a reported value of 4.5 kcalmol8.8 kJmof. As can be seen
from Fig. 3.49, the results of the current workhMlzO4F, and LiPksO4 show that

the observed decomposition reactions of intercdlaB30O, occur within a
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comparable pressure - temperature region as fa p@0O,. Moreover, a common
decomposition product in all three cases is3bwhich incidentally is the only
stoichiometric lead oxide only synthesisable urelevated pressure (a fact reflected
in its high density of 10.05 gcifithe highest among the lead oxitfes For PRO,F,
partial decomposition to Pbland PBOF, was already observed at conditions where
pure PBO, was reputed as stable (see black squares indatt-panel of Fig. 3.49).
By contrast, LiPlkO, actually shows limited stability beyond the decasipon
boundary of pure R, (see the black square in right-hand panel of Fig9)3
Conversely, at much higher temperatures the sitmasi reversed and RO, was
observed to undergo decomposition to the elemeset sd circle in right-hand panel
of Fig. 3.49). Throughout the current high pressuhigh temperature investigations
of PyO4F and LiPksO4 no evidence for quenchable metastable polymorphs w
observed. The same was the case for pug®P8uring the previously-reported

studies.
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3.5 Arsenic(V) Oxide, AsOsg

Arsenic(V) oxide (AgOs) is a commercially important compound of arsersediin
the manufacture of certain herbicides, insecticidesgicides as well as wood
preservatives. Due to its strong hygroscopic matmd reluctance to crystallise,
elucidation of the crystal structure was hamperneiil telatively late'®® At ambient
conditions AsOs is found to crystallise in the orthorhombic spageup P2,:2,2;
(subsequently denoted asAs,;0s). Infinite zigzag chains of corner-sharing AsO
octahedra parallel to theaxis are cross-linked via Ag@etrahedra. As each chain is
surrounded by four others, hollow tetragonal chérage present in the crystal
structure. At 305 °C a"2 order displacive phase transition to a high-terapee
modification (subsequently denoted &#\s,0s) occurs, which adopts the tetragonal
space groufPr4:2:2. The crystal structure is closely related ta thfaa-As,Os, but
with differences in the relative alignment of thenstituent chain®® Much more
recently the high pressure - high temperature dehawf A$0s has been studied for
the first time®® On the one hand, the isothermal compressibifithsO0s up to 19.5
GPa at ambient temperature was investigated immahd anvil cell by means of in-
situ synchrotron powder diffraction, and the bulkdulus values were determined.
The observed persistence of the crystal struct@ire-As,Os even to the maximum
pressure and lack of any transformation to a higisgure polymorph was explained
on the basis of the anisotropic distortion of tbédw channels i-As,0s.*°* On the
other hand, high pressure - high temperature fudieAsOs via ‘large volume'
presses using pressures of 2-19 GPa and temperatl400 °C were also described.
Two new metastable modifications of &5 (obtainable at p > 8 GPa and T > 500 °C)
were claimed, however their powder X-ray diffrantipatterns could not be indexed.
An empirical p-T phase diagram summarising theltesf the ‘large volume' press
experiments was presented (see Fig. 3.50). Higipéeature X-ray diffraction
measurements revealed that the new modificatiamsform back tax-As,Os upon
passing through an intermediate phase (termefds;Os”) within the temperature
range 205-255 °C. ThigAs,Os was found to crystallise in the monoclinic space
group P2;/n and is built up from Afi units (formed from pairs of edge-sharing

AsOs octahedra) that are stacked in thdirection and interconnected by AsO
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tetrahedra. In addition to the metastable modifics of AsOs, a novel mixed-
valence hydrate ($As140s1) was also describéd® The latter was obtained during
some of the ‘large volume' press experiments weyOA(with 6 < p < 8 GPa and 500
< T < 580 °C), and its formation was attributeduawanted entry of O from
atmospheric moisture into the sample capsules icomgathe hygroscopic starting
material prior to the experiments. High-tempemt¥rray diffraction measurements
showed that BAs;403; irreversibly transforms ta-As,Os at T ~ 170 °C, i.e. the
compound represents a metastable hydrate onlynaliia at high pressure - high
temperature conditions. The fact that a new maéssthydrate of Aswas obtained
in some ‘large volume' press experiments with@yaturally raises the question as
to whether the aforementioned metastable phasas,@fs (for which the powder X-
ray diffraction patterns could not be indexed) Iseabnstitute new polymorphs of
As,Os or whether they also represent new metastable teglraThe fact that they
transform back tax-As,Os at elevated temperatures does not prove that they a
metastable polymorphs since the same observatiorage for HAs1403;1, which is
dehydrated tax-As,Os around 170 °C. Therefore, in order to study thaléeged
metastable phases of A% further, new high pressure- high temperature erpanis
have been carried out and the products subjecbte mgorous investigation in order
to ascertain whether the existence of metastalgh pressure - high temperature
phases of Afscan be verified.
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Fig. 3.50: Previously-reported empirical p-T phaseliagram for As,Os (D. Orosef?). Red squares
denote a-As,0Os whereas blue triangles & green circles denote new, undesigted metastable

phases

3.5.1 High Pressure - High Temperature Experiments

Prior to experimentation the ASs starting material was prepared by oxidation of
As,03 and subsequent dehydration of the arsenic‘atidhase purity and complete
absence of moisture in the starting material wevafiened by powder X-ray
diffraction and IR spectroscopy. Due to its hygasc nature the A®s was handled
exclusively under inert argon atmosphere. The nahteas tightly compacted into
platinum capsules of varying sizes and types (2 onh mm ‘plain’, 'screw cap' and
‘double cup' types) and subjected to high presshrgh temperature runs on the belt
press and multi-anvil press. Pressures exploredec from 6 - 15 GPa and
temperatures from 550 - 950 °C, with hold timesyway between 2 and 17 hours and
terminated by "T-quench” and gradual release ofqune. A tabulated summary of

relevant experiments is given in Table 3.9.
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Table 3.9: Tabulated summary of relevant high preasre - high temperature experiments with
As,Os. “HP/HT 1” and “HP/HT 2" designhate two distinct products. (MA = multi-anvil press, B
= belt press)

Exp. No. p/ GPa T/°C t/hr Press Outcome

1 6.3 550 2 MA “HP/HT 1"
2 6.3 550 5 MA “HP/HT 1"
3 6.3 550 17 MA “HP/HT 1”
4 14 950 16 MA “HP/HT 1”
5 14.5 800 4 MA “HP/HT 2"
6 14.5 800 17 MA “HP/HT 27
7 14 950 16 MA “HP/HT 2"
8 8.7 820 5 B 0-As;0s

The outcomes of the high pressure - high temperaperiments with A®s reveal
that new crystalline phases are indeed obtainabst-quench, and no residuat
As,Os is left behind. Based upon powder X-ray diffrantianalysis at least two
potentially new phases can be distinguished, whale been designated as "HP/HT
1" and "HP/HT 2" (HP = high pressure, HT = high parature). As can be seen in
Table 3.9, the former phase can be obtained anibeest pressures/temperatures
employed in experiments 1-3, regardless of theimgaturation. By contrast the
latter phase was generally obtained at compargtivigh pressures/temperatures, as
implemented in experiments 5-7, likewise regardledsthe heating duration.
However, experiment 4 shows that "HP/HT 1" can als® obtained using
pressure/temperature conditions at which "HP/HWa$ ordinarily obtained (see Fig.
3.51). Furthermore, as experiment 8 shows, thelymtoobtained from belt press
experiments was the unchanged starting matewalA0s), which is rather
surprising. Thus the results suggest that theoowtcof the ‘large volume' press
experiments with Afs does not depend solely on the pressure/temperature

conditions, and certain external factors must lelired.
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Fig. 3.51: Powder X-ray diffraction patterns (Cu-Ka; radiation) for As,Os post-experiment (14
GPa, 950 °C, 16 hours, "T-quench™). "HP/HT 2" (upper profile) and "HP/HT 1" (lower profile)

3.5.2 High-Temperature Powder X-Ray Diffraction

In order to investigate “HP/HT 1” and “HP/HT 2" neorclosely, high-temperature
powder X-ray diffraction measurements were perfarr(see Fig. 3.52). As can be
seen, "HP/HT 1" progressively transforms backotés,Os across the temperature
range ~ 288 - 302 °CAbove 302 °C mainlyi-As,Os remains, which is also the case
upon re-measuring the sample at ambient temperéteré’HP/HT 1" is metastable

and not recoverable). Measurements of “HP/HT 2hm@as (not shown here)

exhibited a similar behaviour. However, a smalloant of “HP/HT 1" appears to

have nevertheless persisted in the powder diffsagbattern (see the reflection at ca.
23.7° B, which is not attributable ta-As,Os). Therefore, something must prevent
the transition from going to full completion. Inéstingly, during the previous studies
of As,Os ® the back-transformation of the high pressure - highperature phases to
0-As;0O5 via the intermediate/-As,Os (stable in the range 205 - 255 °C), was

reported. However, the intermedigtés,Os was not observed in this work.
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Fig. 3.52: High-temperature powder X-ray diffraction patterns (Cu-Ka; radiation) of “HP/HT 1"

3.5.3 IR Spectroscopy

Following the high pressure - high temperature d@rpents, both “HP/HT 1” and
“HP/HT 2” were characterised by IR spectroscopypiider to assess for the presence
of O—H bonds. Due to the hygroscopic nature of@s all IR pellets were prepared
inside an argon-filled glove box, immediately tppoded to the IR spectrometer
inside a desiccator and the spectra recorded withwther delay. As can be seen
from the spectra (see Fig. 3.53), both "HP/HT 18 8HP/HT 2" are hydrated, as
evidenced by the prominent, broad absorption peaf.a3400 cii (assignable to the
O—H stretching mode) in addition to a weaker, shagakpat ca. 1640 ch
(assignable to the A<D—H bending mode). In contrast, however, these peaks
absent from the IR spectrum of the ,8s starting material, and repeated
measurements consistently reconfirmed this. Themahstrates that the A3

starting material is anhydrous prior to the highegsure - high temperature
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experiments (specifically before being removed fréne ampoule). Thus the
presence of hydration in the products "HP/HT 1" &dB/HT 2" must be attributable
to the contamination of the AQs starting material via atmospheric moisture at some
point during the experiments.
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Fig. 3.53: IR spectra of AsOs starting material (top), "HP/HT 2" (middle) & "HP/ HT 1"
(bottom)

124



3. Special Section

3.5.4 DTA-TG-MS Measurements

In order to obtain further confirmation regardihg fpresence of hydration in the
products "HP/HT 1" and "HP/HT 2" as well as quaatiite information concerning
the amount of hydration present, combined DTA-TG-M&surements have been

performed for samples (see Figs. 3.54 - 3.55).
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Fig. 3.54: DTA and TG measurements for "HP/HT 1"
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Fig. 3.55: Temperature-dependent mass spectra foHP/HT 1"
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Fig. 3.56: Powder X-ray diffraction patterns (Cu-Ka; radiation) for "HP/HT 1" sample following

DTA-TG-MS measurement (top) versus purax-As,Os (bottom)

The outcomes of the DTA-TG-MS measurements revea tHP/HT 1" samples
undergo a thermal transition at T ~ 200 °C accongohby a discrete, exothermic
peak on the DTA profile and a prominent mass |dssao 1.5 % based on the TG
data. As evidenced by the diagnostic peaks argineatation patterns of the mass
spectrum, this thermal transition can be identisccorresponding to the loss oiH
Furthermore, powder X-ray diffraction analysis loé tpost-DTA samples reveals that
only a-As,Os remains (see Fig. 3.56). Thus the transition 206 °C from "HP/HT
1" to a-As,0s must be regarded as a dehydration process. WUn#figly, it was not
possible to conduct similar DTA-TG-MS measuremefas "HP/HT 2", as the
experimental yield was far less than for "HP/HT(&'f. 2 mm versus 4 mm sample
capsules) and only sufficed for powder diffracteomd IR spectroscopy. However, a
similar behaviour to "HP/HT 1" is anticipated sinbe IR spectra confirm that both
"HP/HT 1" and "HP/HT 2" contain ‘©H bonding (i.e. are hydrated), although the
precise amount of crystal water may vary betweentwo. In any case, the loss of
H.O from "HP/HT 1" and "HP/HT 2" when heated beyo®® 2C implies that neither
of these products are metastable high pressurgh- teimperature phases of .8s;
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rather they constitute new metastable high pressidrigh temperature hydrates of
As,Os (perhaps similar to §As;4031 '%). Based on the TG data it can be estimated
that they contain at least 0.194 equivalents #D ider AsOs (although the true value
may be somewhat higher due to residual retentidd,@f molecules within the pores
of As,Os after the 1.5 % mass loss). It is interesting thattemperature range for the
"HP/HT 1" — a-As;Os transition as observed in the high-temperaturedaovX-ray
diffraction measurements of Section 3.5.2 (2882 30) is markedly higher than the
transition temperature indicated by the DTA-TG-M&dges described here (200 °C).
A possible explanation is that in the former case sample is enclosed inside a
sealed, air-tight glass capillary whereas in théefacase it is in an open system.
Consequently, in the former case the pressurengrisom initial loss of HO raises
the temperature required for dehydration to go ammletion (c.f. Le Chatelier's
principle).

3.5.5 Investigations of Sample Capsules

The fact that “HP/HT 1” and “HP/HT 2” constitute wmanetastable high pressure -
high temperature hydrates of & naturally raises the question as to the source of
the KO, since the Afs starting material was anhydrous. The possibtligt the
As;Os took up HO after the high pressure - high temperature exparis can be
ruled out for two reasons. Firstly, the samplescég® was compressed to high
pressure so any miniscule gaps in the capsule wbakk been forced away.
Secondly, the recovered products represent unkryarates of AZ0s. However, if
H.O contaminated the A®s after the high-pressure experiment, then a known
hydrate of AgOs should have formed. ConsequentlyCHmust have entered the
As,Os starting material before commencement of the Ipigissure experiment. One
critical factor in this regard is the sample capsthlat the AgOs is loaded into (or
more specifically its degree of air-tightness),csint must be brought out into the
open atmosphere prior to loading into the ‘larguree press.’ In order to assess the
degree of air-tightness afforded by sample capsigdoyed in the multi-anvil press,

a 4 mm Pd 'double cup' capsule (‘double cups' b#iegmost air-tight variety

currently available) was pre-dried under vacuunD(20, 12 hours), and filled with

127



3. Special Section

As;Os inside a glove box, sealed and weighed. Subsdgudre closed capsule
containing the Ags was stored in the open atmosphere (on a laboratmgh) and
weighed at intervals, always using the same caédranalytical balance (d = 0.1
mg). The mass of the /35 sample versus time is plotted below (see Fig.)3.57
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Fig. 3.57: Mass of AgOsinside Pd (4 mm) 'double cup' capsule versus timestored in open air)

As can be seen, the mass of the@ssample experienced an approximately linear
increase as a function of time, which must behaitted to the uptake of & by the
As,Os inside the sample capsule. This demonstratesetteat the tightest variety of
sample capsule currently employed in belt or mattl press experiments (the so-
called ‘double cup’) does not offer sufficient protion from atmospheric air in the
case of highly hygroscopic compounds such agAs After 50 days (ca. 7 weeks)
the observed sample mass had already increase@.b9 % relative to the initial
mass, a fact that proved consistent with the sesapus state that the sample
possessed after being recovered inside the gloxe o the presence of moisture,
anhydrous AsOs is known to take up water of crystallisati®h which initially leads

to As,05.5/3H,0, i.e. ribbon-like, polymeric (kAs3O10)n. In the presence of further
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moisture the latter can form {AsO,),.H,O (c.f. phosphoric acid hemi-hydrate), after

which dissolution proceeds:

3505 O 1P & 2 Hoas,00 O TP = 3 (HsASOy),H,0 O BFTPHP  HaAsOL (ag)

The quantity of HO observed to have been taken up after 50 daybecaalculated to
1.555 equivalents per ASs, which is nearly sufficient to convert all of the&,0s to
HsAs3040 (this would require 5/3 equivalents of®i per AsOs). The rate of increase
in sample mass appears to be approximately lingar tbme; however it would
presumably also fluctuate depending on the curegntospheric humidity level.
Moreover, although this study was limited to assgsthe degree of air-tightness of
one Pd (4 mm) 'double cup' filled with A3, variations in the degree of air-tightness
from capsule to capsule are also possible, asrntlyrthey are all hand-made in a
mechanical workshop (thus each set will invaridisyslightly different due to human
error). Furthermore, it is also possible that cépsize plays a role (e.g. 4 mm versus
2 mm capsule) because a smaller capsule containsedha less AgOs, and if a
comparable amount of moisture is able to enter thiem net effect of the

contamination will be greater.
3.5.6 Conclusions

The current studies have shown that both "HP/HB&rd "HP/HT 2" are metastable
high pressure - high temperature hydrates gfOAs This is attributable to the fact
that the sample capsules currently employed irbélieand multi-anvil presses are not
impervious to air (at least at ambient pressuie}ha studies have shown. At present
it is not possible to employ weld-sealed samplesokgs (the only guarantee for an
impervious sample container) in the belt or mutiidépress. All attempts at indexing
the powder X-ray diffraction patterns for “HP/HT Hhd “HP/HT 2” have been
unsuccessful, and the possibility that they migbnstitute phase mixtures of new
hydrates cannot be excluded. Interestingly, highsgure - high temperature
experiments with Afs in the belt press invariably yielded-As,Os (even at

pressures and/or temperatures where corresponditiganvil experiments yielded
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“HP/HT 17). The same observation appears to alaeehbeen made during the
previous work on Ags °° although it was not explicitly mentioned. A possibl
explanation for this, could be that in the casebelt press experiments, sample
capsules can be loaded and plateau pressure dttaiaerelatively short time (e.g. 30
minutes) whilst for the multi-anvil press the asbgmprocedure takes many hours,
the cemented octahedron is generally left to dgrioight, and once inside the multi-
anvil press the pressure is built up over the @ofsseveral hours. Therefore, in the
case of the multi-anvil press the sample capsudadp much more time exposed to
the open atmosphere prior to the experiment, dwinigh the AsOs is progressively
contaminated with atmospheric moisture. The fdut tthe previously-reported
HeAs14031 % was only obtained from multi-anvil experiments apet requires
moderate pressures/temperatures (p = 6-8 GPa, 0= %80 °C) that were also
previously employed for A®s in the belt pres& appears to support this hypothesis.
Based upon the DTA-TG-MS data (see Section 3.%MHich in the case of "HP/HT
1" confirmed the presence of at least 0.194 egemntal of HO per AsO:s, it can be
estimated that the starting material employed e‘ldrge volume’ press experiments
was pre-contaminated with at least ~ 12.5 mol %l#s30,, prior to the execution
of the high-pressure experiment. However, theipeedegree of pre-contamination
will vary between experiments (depending on samopfgsule type/size, time spent in
open air etc), and will be as decisive as pressuremperature in influencing the

outcome (which helps to rationalise some of theeplaions made in Section 3.5.1).

In conclusion, the current investigations with,®s have shown that “HP/HT 1” and
“HP/HT 2” (which were previously regarded as newtastable AgOs modifications)

are actually new metastable 85 hydrates. At elevated temperatures (~200 °C) they
are dehydrated back w-As,Os. Therefore, the previously-reported intermediate
As,0s * formed during the back-transformation @eAs,Os must be regarded as a
distorted modification of Afs arising due to the loss of water as opposed to a

polymorphic transition.
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3.6 Rubidium Orthoselenate, RhSeG

The synthesis of new orthosalts is a good exanipteecapplication of high pressure -
high temperature conditions in solid state chemistn inorganic chemistry the most
water-rich form of an oxoacid is represented by afsthe prefix "ortho." Examples
of stable, isolable orthoacids are however limited few well-known examples (e.qg.
HeTeQs). By contrast, a number of crystalline orthasalte now known including
orthoselenates (e.g. 49eG % NaSeG !*° Nax(SeQ)(SeQ)s *° and
Ke(SeQ)(Se®) ), orthonitrates (e.g. NBO, 2 KsNO, M3 RbsNO, and CsNO,

39 and trifluoroorthocarbonates (e.g. K(C{JFRb(COFR) and Cs(CO#§).*** On the
other hand attempts at synthesising ‘orthonitrieeg. NaNO; *° or KsNO3 **9) have

to date only afforded oxide-nitrites, whilst 'moluiroorthocarbonates’ (e.qg.
K3F(COs) or ReF(COs)) M7 turned out to be fluoride-carbonates. If additifnan

O? anion (instead of Jrto the C@* anion could be achieved it would represent the
first synthesis of an orthocarbonate, for which eatmeoretical predictions already
exist (e.g. NaCO, M8 or more generally £C0,,*° A = alkali metal). However, as
with the ‘monofluoroorthocarbonates’ the synthedian orthocarbonate has yet to be
achieved. On the basis of the experimentally cordd orthosalts it is observed that
rationalisation of synthetic conditions is alsofidiflt, as some compounds are
obtainable merely by high-temperature annealing. (i;SeG ' or RyNO, %)
whilst others require both elevated pressures angpératures (e.g. hBeq *°° or
CsNO; *%.  Furthermore, diverse crystal structures andoranjeometries are

observed (e.g. trigonal bipyramidal S&Canions in LiSeQ '®

or distorted square
pyramidal Se@" anions in NzSeQ ®). The general synthetic approach for
preparing these kinds of compounds is solid-staéetron of the basic metal oxide
with the relevant metal salt (e.g.,O + Li,SeQ — Li,SeQ), in which the oxide ion
can be understood as behaving as a Lewis basehandnton as a corresponding
Lewis acid. Within the context of the current woaktempts at extending the

repertoire of known alkali metal orthoselenatesutnidium have been made.
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3.6.1 High Pressure - High Temperature Experiments

The RO and RbSeQ starting materials were prepared in line with lelsthed
procedure$® and checked for phase purity and dryness using eowtiray
diffraction and IR spectroscopy. Due to the prommd air-sensitivity the materials
were handled exclusively under inert conditions atwted under dry argon inside
welded boro-silicate glass ampoules. Pre-weighaduats of RBO and RbSeQ
were intimately ground in a mortar in various mofatios (1:1, 2:1 etc, typically
employing 5-10 % molar excess of RY). Subsequently the intimately ground
mixtures were tightly compacted into metallic cdpsuye.g. Pd, Pt, Ag, Au or Ta) as
well as ceramic inlay capsules (8 or hexagonal BN). Numerous high pressure -
high temperature experiments were executed onigtenpcylinder and belt press at
pressures ranging between 2-8 GPa, temperatunesdie50-625 °C and hold times
varying from 14-108 hours. The runs were termidatevarious ways ranging from
“T-quench” to slower cooling (over 10-30 min). kuddition high-temperature
syntheses at ambient pressures were carried oldbioratory tube furnaces (at
temperatures between 400-625 °C and hold time$-df2d hours, followed by slow
cooling).

3.6.2 Outcome of Experiments

The results of the high pressure - high temperadpmeriments show that at modest
pressures (p = 2 GPa) and 'low' temperatures (J0<°@) no reaction between Kb
and RBSeQ is observed, even after long reaction times (@.days). However, at
higher temperatures new products were obtainedmeSaf these turned out to be
phase-mixtures in which residual f8®Q, had crystallised as a new metastable
modification (denoted "HP-RBeQ"), which is described more fully in Section 3.7.
However upon increasing temperature further, une@side-reactions between the
Rb,O/R,SeQ mixture and the inner surfaces of the sample dapdiegan to set in,
as confirmed by EDX elemental analysis of the polstalline products. The side-
reactions already occurred at temperatures as $408 - 500 °C regardless of the
capsule material employed (i.e. Pd, Pt, Ag, Au,iR\ or ALO3). For Ag and AlO;
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sample capsules the presence of the known compdrindgO, **°and RbAIQ in

the respective products indicated that the follgnside-reactions had occurred:

3RO + ReSeQ + 2Ag — 2RI3AQO; + RbSeQ

Rb,O + Al,O; — 2RbAIG,

The propensity for the RO/Rh,SeQ mixture to attack the inner surfaces of the
sample capsules is attributed to the high reagtioft Rb,O and stronger oxidizing
power of RbSeQ relative to the respective compounds of the liglad&ali metals
(i.,e. Li, Na and K). This would explain why anatag side-reactions were not
observed in the previously-reported syntheses 0fSd®,'® NaSeQ,'*
Na2(SeQ)(SeQ)s *° and K(SeQ)(Se@),*** for which Ag or Au capsules could be
used without any problems (see introduction). @& other hand, reaction of the
Rb,O/R,SeQ mixture with the inner surfaces of Pd, Pt and Aample capsules
during the current work has afforded three prevyuanreported rubidium
oxometallates (RIPdQ, R,PtO, and RBAUO,), which are described more fully in
Section 3.8. Employment of alternative sample olgss made from Ta or hBN
resulted in more pronounced side-reactions thatraesl the sample capsule and
resulted in the loss of the products. Consequenpyoved difficult to perform high
pressure - high temperature experiments in whidi the desired reaction (i.e. that
between REO and RbSe(Q) occurred. However, belt press experiments athmuc
higher pressures (i.e. 6 < p < 8 GPa) appearedpprsess reaction with the sample
capsule such that it became possible to heat #gengs to sufficient temperatures for
sustaining reaction of RG and RbSeQ (i.e. 400 < T < 500 °C). Specifically, this
strategy worked with Au, Pt or AD; capsules. The RO and RbSeQ were
observed to react in a 1:1 ratio, after which nsideal RO or RpSeQ (or any
conceivable side-product) was detected in the powdray diffraction pattern (see
Fig. 3.58). Use of a higher Rb / RipSeQ ratio (e.g. 2:1) led to the same product as
before, albeit accompanied by a large excess @&aated REO. The observations are

therefore consistent with the following reaction:

RO + RpSeQ — RhuSeG
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The RhSeQ was obtained as a pale beige, polycrystalline pbthiat was highly
moisture sensitive (rapidly turning black in theeggnce of air). EDX elemental
analysis of the samples indicated the presencanlgfR®b, Se and O (thus ruling out
reaction with the sample capsule). The measure8eRiatios were ~ 4:1. However,
so far it has proven impossible to index the powdeay diffraction pattern for
Rb,SeQ (see Fig. 3.58) due to the large number of ovenappeflections (which
seems indicative of a rather large and/or low sytrynanit cell). Neither has it been
possible to find an BXs compound that could be isotypic (including all the
orthoselenates known to date). Several attempt® weade at obtaining single
crystals of RESeQ, however all attempts were unsuccessful. Theitiond required

for the synthesis of RBeG do not appear to favour the growth of single algst
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Fig. 3.58: Powder X-ray diffraction pattern (Cu-Kaj, radiation) for Rb ,SeQ

3.6.3 Raman Spectroscopy

The observed chemical composition JBbG" does not (in itself) confirm that the
compound represents a new rubidium orthoselenajedentaining Segy anions), as

it could also be a rubidium oxide-selenate (feagilistinct G and Se@ anions,
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e.g. RRO(SeQ)). Moreover, even if it represents an orthosdkendere are
alternative possibilities; it could contain exckely Se@* anions (i.e. Ri{SeQ)), or
equal numbers of Sgband Se@ anions (i.e. R{SeQ)(SeQ)). Therefore, in
order to obtain more conclusive information regagdihe coordination environment
of Se, Raman spectra for both the;8&G product and the RBeQ starting material

were measured (see Fig. 3.59).
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Fig. 3.59: Raman spectrum for RSeQ; versus that for Rb,SeQ, (intensity scale normalised)

As can be seen, the number of Raman lines obseredh,SeQ has clearly
increased relative to RBeQ. Nevertheless, RBeQ still exhibits the characteristic
Raman signature of tetrahedral $&@nions (albeit with poorer resolution and small
shifts). The splitting of the four Raman-activéndgtional modes of the SgDanion

in point group | (A1 + E + 2T) due to the €site symmetry in orthorhombic
Rb,SeQ (i.e. E—> A+ A" and T — 2A' + A") is partly-resolved in the spectrum of
the starting material. The assignmenvis(A;) ~ 822 crit, v, (E) ~ 328 crit, v3 (To)

~ 856 cnt andv, (T,) ~ 411 cm'. The same basic vibrational modes can also be

identified in the Raman spectrum of /8eQ, which suggests that this compound
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cannot contain exclusively SgDanions; rather it must be a mixed orthoselenate
containing equal numbers of S€tand Se@ anions (i.e. R¥SeQ)(SeQ)). The
unassigned Raman lines must therefore be attrilmutabthe Raman modes of the
SeQ® anions. To date only one orthoselenate contaiie@® anions is known:
Nax(SeQ)(SeQ)s;®  This also features tetrahedral S&Canions alongside
octahedral Seg) anions (albeit in a 3:1 ratio). Thus the repofRsinan spectruth*
exhibits both the aforementioned S&@nodes alongside the new S&0modes ¥
683 cm', vy 587 cnt, vs: undetectedy,: 540 cmt, vs: 363 cm'® andve: 280 cm').
As the reported Se® Raman modes closely match the unassigned Rames din
Rb;SeQq, it is reasonable to conclude that the latter @lsotains such anions. In
particular, the totally-symmetrie; mode is very strong for R8eQ (just below 700
cm®), whilst the prominent line just above 500 toan be attributed to the, mode.
By contrast, the previously-reported ,8eQ (featuring exclusively trigonal
bipyramidal Se@ anions)and NaSeQ (featuring exclusively square pyramidal
SeG* anions) give rise to completely different Ramaecst?! that are of course
devoid of Se@* modes. LiSeQ exhibits a strong totally-symmetrig mode at 756
cm™ as well as prominent, (736 cm) andve (806 cm') modes nearby. This is not
consistent with the RBeQ spectrum. On the other hand,,SaG gives rise to a
strongv; mode at 701 cih which in principle could be taken to explain 8teongest
Raman line of RiSeQ; however the other strong modes o,8k@Q (e.g.vsandv,in
the 620-656 cim range, ol at 544 crit) are absent for RBeQ. Thus the Raman
spectrum of RiSeQ appears to be consistent with the coexistence &f’Sand
SeQ? anions. Moreover, the higher intensity of the SefModes relative to the
SeQ? modes in the case of FBeQ, as compared to the reported spectrum of
Nay2(SeQ)(SeQ)s, further supports the structural formula ag(8BQ)(SeQ).
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3.7 Rubidium Selenate, RESe(Q,

To date the only crystal structure reported for,$d80), is that of its ambient-
temperature modification (subsequently denoted R3-R,SeQ”, RT = room
temperaturej?? It crystallises isotypic to the orthorhombfieK,SQ, type (space
group Pnma No. 62), which features ordered tetrahedral,’S@nions:*® 1?4 12°
However, during the course of the high pressurgh temperatures investigations of
Rb,O/R,SeQ mixtures in the current work (see Section 3.6)eav rhigh-pressure
modification of RbSeQ, has been found (subsequently referred to as “HISE&D”,

HP = high pressure). This HP-l8eQ forms the subject of the first part of this
section. Furthermore, at elevated temperatureS8(F °C) B-K,SO, is known to
transform to hexagonal-K,SO, (space grou@6ymmg¢ No. 194), in which the
tetrahedral S@ anions exhibit orientational disordé?®*?” 1?8 Yet apart from KSO,
itself not manyB-K,SOs—type compounds (including RBeQ) have been studied at
high temperature. For RBeQ the existence of a high-temperature modification
(subsequently referred to as “HT-@Q", HT = high temperature) is mentioned in
the literature (reported transition temperature562 °C)+*° however the crystal
structure remains unknown. Thus due to the pdagilof a structural relationship
between HP-Ri5eQ and HT-RbSeQ, the crystal structure of the latter was also

investigated and forms the subject of the secomnidgbahis section.

3.7.1 High-Pressure (HP) RE5eQ,

3.7.1.1 Experimental

Following some piston-cylinder experiments at p &Ra and T = 625 °C (ca. 3 days)
utilising RO / RpSeQ mixtures (specifically 1:1 ratio) sealed in Au amjes, pale
green-yellow crystalline products (crystallites -1 Gnm in size) were obtained.
Isolation of single-crystals was carried out witie taid of an optical microscope
inside an argon-filled glove-box. The best specm@ased on precession
photographs) was measured on a single crystaladiimeter. Due to the limited
guality of the ‘single-crystal’ the diffraction dahad to be indexed manually to obtain
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the lattice parameters and space group symmetng. ciiystal structure was solved by
the usual direct methods. The outcome of the eefent indicates a new crystalline
modification of ReSeQ. The phase crystallises in the monoclinic spacemP2;/c
(No. 14) witha =12.475A, b = 7.884 A ¢ = 12.485 A f= 119.96°V = 1063.9 R

and Z = 8. Crystallographic data, atomic coordinated anisotropic temperature
factors are collated in Tables 3.10 - 3.12.

Table 3.10: Crystallographic data for HP-RhSeQ,

Crystallographic Data

Crystal System Monoclinic
Space Group P2;/c (No. 14)
alA 12.475(3)
b/A 7.884(2)
c/A 12.485(3)
Ble° 119.956(3)
V/A3 1063.9(5)
z 8
M, / gmol* 313.90
Pearc/ gem?® 3.92
Crystal Size / mm 0.18 x0.15x0.14
Structure Solution
Method of solution / refinement Direct methods|-fuhktrix least squares orf F
No. of free parameters 119
Final R indices [l > 2sigma(l)] R1 =0.0888, wRD:2501
R indices (all data) R1 =0.1637, wR2 = 0.2969
Data Collection
Temperature / K 296(2)
Diffractometer APEX SMART Il (Bruker AXS)
Monochromator Graphite
ANA 0.71073
Measurement Range (°) 1.88<0<26.63
-15<=h<=15,-9<=k<=9,-15<=1<=15
Absorption Correction SADABS
Measured Reflections 6650
Symmetry Independent Reflections 2087+(R0.1382)
Absorption Coefficient / mm* 25.146
F(000) 1120
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Table 3.11: Atomic coordinates HP-RESeQ,

Atom  Site X y z W,

Rb1l 4e 0.1665(3) 0.3350(4) 0.0830(3) 0.027(1)

Rb2 4e 0.0107(3) 0.4990(5) 0.2823(3) 0.032(1)

Rb3 4e 0.5208(3) 0.4999(5) 0.2810(4) 0.042(1)

Rb4 4e 0.6656(5) 0.1665(8) 0.5815(5) 0.068(1)

Sel 4e 0.1657(4) 0.7873(4) 0.0818(4) 0.026(1)
Se2 4e 0.3346(4) 0.2266(5) -0.0803(4) 0.038(1)
o1 4e 0.1037(21) 0.6836(36) -0.0527(20) 0.033(5)
02 4e 0.3088(25) 0.7194(33) 0.1580(29) 0.040(7)

03 4e 0.0987(31) 0.7052(36) 0.1575(30) 0.042(6)

04 4e 0.1632(53) 1.0005(81) 0.0733(59) 0

05 4e 0.3965(40) 0.2744(67) 0.0545(38) 0.119(23)
06 4e 0.3998(43) 0.2732(51) -0.1547(44)  0.096(17)
o7 4e 0.1942(27) 0.2904(50)  -0.1519(42) 0.070(12)
08 4e 0.3251(62) 0.0397(96)  -0.0918(66) 0

Table 3.12: Anisotropic temperature factors (&) for HP-Rb,SeQ,

Atom Up U, Uss U3 Uiz U
Rbl  0019(1) 0032(2) 0025@2) 0.002(2) 0.008(1) .000(2)
Rb2  0.045(2) 0.029(2) 0.023(2) -0.001(1) 0.018(1) 0.002(1)
Rb3  0.027(2) 0.028(2) 0.058(2) -0.003(2) 0.011(2) 0.002(1)
Rb4  0.056(2) 0.098(4) 0.046(2) 0.006(4) 0.023(2) .000(4)
Sel  0.023(2) 00292 0021(2) -0.002(2) 0.007(1)0.002(2)
Se2  0.019(2) 00753) 0.018(2) -0.010(2) 0.007(1)0.002(2)
Ol  0.042(12) 0.032(14) 0.017(10) -0.019(11) 0.00B(L-0.029(12)
02  0.025(13) 0.033(15) 0.042(16) -0.029(13) 0.08p(1-0.007(10)
03  0.052(16) 0.048(13) 0.042(15) -0.023(15) 0.03(1-0.031(15)
04  0.139(17) 0 0 0 0 0
05  0.088(27) 0.209(55) 0.041(19) 0.017(23) 0.01F(20.119(32)
06  0.078(24) 0.152(41) 0.097(30) 0.081(27) 0.074(2D.075(25)
07  0.023(14) 0.089(26) 0.111(31) 0.048(24) 0.044(19.021(15)
08 0.174(23) 0 0 0 0 0

3.7.1.2 Crystal Structure

The results of the single-crystal structure deteation reveal that the crystal
structure of HP-R{5eQ is very closely related to that of RT-F&8eQ, albeit with
lowered symmetry. As already noted in the intraduc RT-RbSeQ crystallises
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isotypic to the orthorhombip-K,SO, type. Thus all atoms (except for the O atoms
occupying the 8d sites) are located on the mirtangs (i.e. on 4c sites, at y = 1/4,
3/4). Consequently the Sgfanions are all crystallographically equivalent anely
are ordered with half pointing up and the otheif painting down with respect to
[100], such that rows of common orientation aremfed along [001]. However, HP-
Rb,SeQ has been found to crystallise in the monocliniccepgroupP2;/c with a
doubled unit cell volume. The lowered symmetryH?-RbSeQ can be derived

from that of RT-RbSeQ via the following group-subgroup relationship:

Pnam=ana<—m2 - P2;/m <—|f|z—> P2,/c

Therefore thea-axis of RT-RbSeQ corresponds to thb-axis in HP-RbSeQ and
sinceP2;/c is a k subgroup oP2,/m the cell volume is doubled. Thusincreases
from 4 to 8, and there are now four crystallograplty inequivalent Rbcations (as
opposed to two in RT-RBeQ) and two crystallographically inequivalent SEO
anions (as opposed to one in RT;B&Q). The existence of a group-subgroup
relation suggests that HP-feQ and RT-RbSeQ are related via a"2 order
displacive phase transition. The volume per foamuit for HP-RbSeQ (132.99 X)
and RT-RbSeQ (132.36 & '* are comparable within the limits of experimental
accuracy, thus the calculated densities for bothses can be considered to be
essentially the same (~3.92 gdm If the 3D arrangement of the tetrahedral $eO
anions within the crystal structures of both HPE&H), and RT-RbSeQ is
considered, it becomes apparent that they aregedain virtually the same manner in
both modifications (see Figs. 3.60 - 3.62).
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Fig. 3.60: Arrangement of the tetrahedral Se@ anions (shown in red) for HP-RhSeQ, (left) and
RT-Rb,SeQ, (right), based upon the [a10] direction of HP-Rb,SeQ, Rubidium cations are

omitted from the structures for clarity

. -

4 Pa Pe P
pY pd p
4 PaPaq?
4 PqaVqV
U pC ), <
4d P VqaV

Fig. 3.61: Arrangement of the tetrahedral Se@ anions (shown in red) for HP-RhSeQ, (left) and
RT-Rb,SeQ, (right), based upon the [00] direction of HP-Rb,SeQ, Rubidium cations are

omitted from the structures for clarity
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Fig. 3.62: Arrangement of the tetrahedral Se@ anions (shown in red) for HP-RhSeQ, (left) and
RT-Rb,SeQ, (right), based upon the [0Q] direction of HP-Rb,SeQ, Rubidium cations are

omitted from the structures for clarity

Due to the lowered symmetry in HP-/S@Q the tetrahedral Se® anions are very
slightly out of line relative to RT-Ri$eQ (a fact that is barely visible in Figs. 3.60 -
3.62). Particularly noticeable is the fact tha 8e-O bond distances in HP-ReQ
differ notably between the two distinct S€Canions (with SeO distances ranging
from ca. 1.64-1.68 A but SeD distances ranging from ca. 1.50-1.60 A). The
somewhat short Se® distances appear somewhat questionable as ddéarde
anisotropic displacement factors of the correspondDd atoms (see Table 3.12).
However, this may in part be due to the limitedlqyaf the 'single crystal' used for
the final structure determination{R= 13.8 %).

As already shown earlier, the arrangement of th@,Sanions in HP-RBeQ and
RT-RbSeQ is essentially the same. In fact, from a more gdnaystal chemical
perspective it is possible to regard both HRS6D and RT-RbSeQ as derived from
a distorted hexagonal close-packed (HCP) arrangeaie®eQ? anions (if the latter
are considered as spheres). Within this HCP pgciinoctahedral voids and half the
tetrahedral voids (Tand T) are occupied by the Rizations. Therefore the most

significant difference between the two modificasomust be in the location of the
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Rb' cations within the voids of the HCP packing of $&@nions. This would also be
consistent with the powder X-ray diffraction patteaf HP-RhSeQ (see Fig. 3.63),
which exhibits different20 positions and relative reflection intensities thRi-
Rb,SeQ.

100.0
30.0
60.0
40.0

200 \'/

00 A A Al A A A i 2 A

Relative Intensity (%)

100.0

Relative Intensity (%)

40.0
B Lﬂ W
0o A i A A

320 36.0

200 240 280 2Theta

Fig. 3.63: Observed powder X-ray diffraction pattens (Cu-Ka, radiation) of HP-Rb,SeQ, (top)
and RT-Rb,SeQ, (bottom) displayed in blue. The red profile correponds to the calculated
pattern of HP-Rb,SeQ,. The impurity peaks observed in the measured difaction pattern of HP-
Rb,SeQ, are attributable to the minor side-products RAuO, and Rb,Se(;

The clear difference in powder X-ray diffractiortansities for HP-RfseQ and RT-
Rb,SeQ implies that the structural difference betweentthe modifications ought to
be due to differences in the positions of thé Bdttions (since these possess a much
higher X-ray scattering power than the O atomshusTit is necessary to inspect the
way that the Rbcations occupy the interstitial voids of the HC&king of Se@
anions (see Figs. 3.64 - 3.65).
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Fig. 3.64: A section of a close-packed bi-layer &eQ? anions (shown as red spheres) in HP-
Rb,SeQ, (left) compared to RT-Rb,SeQ, (right). The occupation of the tetrahedral voids ly the

Rb" cations (shown as black spheres) can be seen

Fig. 3.65: A section of a close-packed bi-layer &eQ? anions (shown as red spheres) in HP-
Rb,SeQ, (left) compared to RT-Rh,SeQ, (right). The occupation of the octahedral voids bythe

Rb* cations (shown as black spheres) can be seen

As can be seen, the Rbations occupy half of the tetrahedral @hd T) voids and all

of the octahedral voids in both HPf8eQ, and RT-RbSeQ. Furthermore, the
pattern of occupancy with respect to the octahedals is also comparable (although
the precise magnitude of the displacements frontéméres of the octahedral voids is
slightly different). However, the main differenbetween the two modifications lies
in the fact that Rbcations in the tetrahedral voids are clearly @disptl off-centre in
RT-Rb,SeQ, whereas in HP-RBeQ they are not. Therefore it must be the shifting
of the RB cations to on-centre positions in the tetrahedoals under high pressure -

high temperature conditions that leads to the féionaof the lower-symmetry HP-
Rb,SeQ.
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3.7.1.3 Calculation of Lattice Energies

The MAPLE (Madelung part of lattice energy) values HP-RkSeQ and RT-
Rb,SeQ have been calculated as 30690.63 and 30161.80 kJespectively. Based
purely on the coulomb component of lattice energg tvould suggest that HP-
Rb,SeQ is more stable than RT-RBeQ. However the somewhat short S€2
distances in HP-RBeQ (ca. 1.5 - 1.6 A) also mentioned earlier may hotential
explanation for this (since the lattice energy disedepends on inter-ionic distances).
Also the MEFIR value for Se2 in HP-BReQ is very small (0.08 & which can also
be attributed to the short Se@ distances (the fixed O radius in the MAPLE progra
leads to an underestimated MEFIR value for Se).e @hlculated MAPLE values
along with inter-atomic distances, coordination hens, effective coordination
numbers (ECoN) and mean fictive ionic radii (MEFm) both HP-RbSeQ and RT-
Rb,SeQ are shown below (see Tables 3.13 - 3.16).

Table 3.13: Calculated MAPLE values for HP-RhSeQ,

Atom Charge  MAPLE (kJmd)

Rb1 +1 494.9178
Rb2 +1 573.74918
Rb3 +1 551.35089
Rb4 +1 381.11907
Sel +6 17630.72396
Se2 +6 19242.78184
o1 -2 2683.59904
02 -2 2762.35759
03 -2 2641.37362
04 -2 2762.85776
05 -2 3058.23142
06 -2 2899.56498
o7 -2 2707.78035
08 -2 2983.50351
> =30690.63
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Table 3.14: Calculated MAPLE values for RT-RhSeQ,

Atom Charge  MAPLE (kJmd)
Rb1 +1 469.01583
Rb2 +1 560.37148
Sel +6 18011.40439
01 -2 2799.2444
02 -2 2754.91326
03 -2 2781.61968

¥ = 30161.80

Table 3.15: Inter-atomic distances (A), coordinatio number (CN), effective coordination number
(ECoN) and mean fictive ionic radii (MEFIR) for HP-Rb,SeQ,

Atom

Rbl

Rb2

Rb3

Rb4

Sel

Se?

CN

ECoN

MEFIR

o1

3.1154
3.2028
2.8712
3.0766

3.0771

1.6700

6

5.1103

1.4913

02 03 04 05 06 O7 08 CN ECON MEFIR
3.1844 3.1390

3.3086 3 ao0? 26308 30085 3.22603 5000 36530 11 89487 14523
2.8261 3.1486 2.7900
28200 3980 21900 34330 9 7.5107 14749

2.8793 2.8017 2.8684 3.3767

2.8930 34186 33304 2.9613 35201 0 /1819 14729

3.1899 3.2356 3.1854

3y 32738 3.9500 35370 37853 33305 20449 11 05564 16796

1.6382 1.6734

6 6

1.6833

4 3.9863 0.2421

1.5075 1.5533 1.5990 1.4796 4 3.8839 0.0821

5 6

6 6 5

49988 4.7888 3.8684 5.2614 5.2417 74.973.0423

1.4624 1.4893 1.4940 1.4890 1.5011 1975 1.4584
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Table 3.16: Inter-atomic distances (A), coordinatio number (CN), effective coordination number
(ECoN) and mean fictive ionic radii (MEFIR) for RT-Rb,SeQ,

Atom o1 02 03 CN ECoN MEFIR
3.0734

Rbl  2.9184 31439 24475 6 3.1303 1.046

Rb2 3.1354 2.9053 2.8708 9 79685 1.5200

3.3659 2.9094 2.9630
Sel 1.6227 1.6408 1.6305 4 3.9979 0.2238

CN 5 6 4

ECoN 4.2214 3.5051 3.9782

MEFIR 1.5311 1.4397 1.4115

3.7.2 High-Temperature (HT) RkSeQ,

3.7.2.1 Experimental

In order to ascertain the temperature at which RieRb,SeQ — HT-Rb,SeQ
transition occurs, DSC measurements were initzdiyied out. A sharp exothermic /
endothermic peak withofset~ 545 °C was observed in the heating and coolyates
respectively (see Fig. 3.66). This value is imatigely close agreement with the
previously reported values of 552 °8° and 548 °C3° Subsequently high-
temperature powder X-ray diffraction patterns wesected for RBSeQ at ca. 5 °C
intervals across a range spanning the R7Se to HT-RSeQ transition (see Fig.
3.67). As can be seen, the formation of HT,H40, starts to become visible at ~542
°C, which is in good agreement with thg,sEidetermined by DSC (~ 545 °C). Up to
~ 558 °C a phase mixture is seen, whilst from 563ptre HT-RbSeQ remains.
Finally, a long measurement of HT-f82Q, was performed at ~ 600 °C.
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Fig. 3.66: DSC measurement for RiseQ,
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Fig. 3.67: High-temperature powder X-ray diffraction patterns (Cu-Ka; radiation) for Rb,SeQ,
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3.7.2.2 Crystal Structure

From the powder X-ray diffraction pattern of HT-f8eQ at ~ 600 °C the symmetry
was determined to be primitive hexagonal vétk 6.343 A andt = 8.544 A. Based

on observed extinctions the most likely space gsoupre determined &6smc (No.

186), P62c (No. 190) orP6s/mmc (No. 194), of which the latter was subsequently
confirmed during Rietveld refinements. This sudeesan isotypic relationship
between HT-RiSeQ and the reported high-temperature phase oSém 3!
(subsequently denoted as "HT,3€Q"). Consequently starting values for atomic
coordinates were based on HT,3¢Q. Hence the two crystallographically distinct
rubidium atoms were initially fixed at the origimaat 1/3, 2/3, 3/4. Additionally a
regular Se@tetrahedron was introduced, with the central seteratom fixed at 1/3,
2/3, 1/4 and the three mirror planes of the tetladre coinciding with the three
respective mirror planes of the space group. Thenmam disorder required is thus
2-fold, since the additional mirror plane at x, 4 duplicates the tetrahedron by
flipping it over. However, refinement of this sita®2-fold disordered model would
only converge in the presence of a strong anismtrogmperature factor for the
rubidium atom located opposite the vertex of th©Setrahedron at 1/3, 2/3, 3/4,
yielding unreasonably large sbJvalues. Furthermore, the distance between this
rubidium atom and the apical oxygen atom of the Se®ahedron in one of its two
orientations was unreasonably short. Thereforgliamosition was enforced for the
rubidium atom, which subsequently refined to 1/83, 23/4+0.04, and yielded a
reasonable isotropic temperature factor. In thalfstage of the refinement internal
and external degrees of freedom were successinglyduced in order to determine
the true nature of the disorder experienced byS&6) tetrahedra. A significant
degree of improvement was achieved by independeetiying Se-O distances for
the axial bond and the three basal bonds withirtgtrahedra. However, this led to an
extremely short axial S€0 bond (1.425 A) and a rather long basatSebond (1.692
A). Conversely, by carrying out simultaneous refirent of all four SeO bonds
whilst maintaining their lengths equal, a compagadhount of improvement could be
achieved in the refinement, and physically meanin§e—O distances of 1.621 A

were obtained. The final reducgdfor this 2-fold disordered model was 1.82. In an
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alternative strategy the tetrahedra were allowetilttaway from the crystallographic
mirror planes by enabling all oxygen atoms to mefio general positions whilst
keeping the SeO distances fixed at 1.6200 A. The resultant masled 12-fold
disordered one, with a final reducgtivalue of 1.71 indicating some improvement
over the 2-fold case. Now the apex of the tetreddeidn is tilted away from the
crystallographic threefold axis by about°28nd gives rise to twelve possible
orientations in such a way as to comply with synmgnetAs the overall temperature
factor of the oxygen atoms tends to zero this medéhally describes the time and
space average of the electron density distributimore correctly. Final
crystallographic data, atomic coordinates and sedielsond distances (see Tables 3.17
- 3.20) as well as the final Rietveld refinementfpe (see Fig. 3.68), crystal
structures (see Fig. 3.69) and depictions of imtdial 2-fold and 12-fold disordered

SeQ? anions (see Fig. 3.70) are presented below.

25000
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7 (a) best fit profile
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Fig. 3.68: Rietveld refinement of the powder X-raydiffraction pattern of HT-Rb ,SeQ, (within the
2-fold disorder model) at T ~ 600 °C
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Table 3.17: Crystallographic data for HT-Rb,SeQ, at T ~ 600 °C

Crystallographic Data  2-Fold Disorder 12-Fold Disorder
Space group P6:/mmc(No. 194) P6:/mmc(No. 194)
a(A) 6.3428(1) 6.3428(1)
c(R) 8.5445(1) 8.5445(1)
V (A% 297.71(1) 297.71(1)
4 2 2
M, (gmol™) 313.8932 313.8932
Dealc (gen®) 3.50 3.50

Data Collection

Source Bruker D8 Advance Bruker D8 Advance
Monochromator Ge(111) Ge(111)
A (A) 1.54059 1.54059

20 Range; Step (°) 14 9X<90;0.009 14 <B<90;0.009

Structure Refinement

Program TOPAS TOPAS
Rexp (%) 4.124 4.124
R, (%) 4.250 4.160
Rup (%) 5.566 5.398
Roragg (%) 4.362 3.621
Reduced/? 1.82 1.71
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Fig. 3.69: Crystal structure of HT-Rb,SeQ, along [110]. 2-fold disorder model (top) and 12-fold

disorder model (bottom). (Rb, Se and O atoms areegicted in grey, yellow and blue respectively)

o (B

Fig. 3.70: Depiction of 2-fold disordered (left) ad 12-fold disordered (right) SeQ? ions (Se and
O atoms are depicted in yellow and blue respectivél
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Table 3.18: Atomic coordinates for HT-RkSeQ, at T ~ 600 °C (2-fold disordered model)

Atom Site X y z Occupancy U R
Rb1 2a 0 0 0 1 4.58(6)
Rb2 4f 13  2/3 0.7875(4) 112 4.58(6)
Sel 2c 13 23 1/4 1 0.97(5)
Ol Af 1/3 2/3 0.4398 1/2 6.9(2)
02 12k 0.6116 0.8058 0.1868 1/2 6.9(2)

Table 3.19: Selected bond distances and angles tdT-Rb,SeQ, at T ~ 600 °C (2-fold disordered

model)

Bond Distance (&)  Angle’)
Se+O 1.6214 -
Rb2-01 2.3307 -
Rb2-01 2.9709 -

0—Se+0O - 109.471

Table 3.20: Atomic coordinates for HT-RhSeQ, at T ~ 600 °C (12-fold disordered model)

Atom  Site X y z Occupancy U @R
Rb1l 2a 0 0 0 1 4.50
Rb2 Af 1/3 2/3 0.7873 1/2 4.50
Sel 2c 1/3 2/3 1/4 1 1.04
O1 24| 0.3314 0.5778 0.4280 1/12 2.54
02 24| 0.6120 0.8377 0.1926 1/12 2.54
03 24| 0.1919 0.8199 0.2430 1/12 2.54
o4 24| 0.1981 0.4314 0.1364 1/12 2.54
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3.7.2.3 Conclusions

The result of the high-temperature powder X-rayfrddtion refinement for HT-
Rb,SeQ shows that the modification essentially adoptsd&SO, crystal structure
at high temperature. A similar observation wasaaly reported for HT-78eQ **!, a
fact that can be rationalised given the comparai#tes of Rb and TI cations
(effective ionic radii of 1.49 A and 1.50 A respieety 3! for CN = 6). To date only
two models of the S§ anion disorder ir-K,SO, have been reported. Within the
‘apex model’ the tetrahedral anions randomly paiatand down with respect to the
[001] direction, i.e. 2-fold disorder. By contrast the ‘edge model’ three tetrahedral
anions are statistically superimposed, with oneseafgthe tetrahedron parallel to the
3-fold axis and the opposite edge lying in the amirplane at z = 1/4, i.e. 3-fold
disorder. However, the results of the Rietveldnezhents of HT-Ri5eQ suggest
that the tetrahedral Se©anions only exhibit 2-fold disorder on averagee true
disorder is actually closer to a 12-fold disordehich can be considered as a more
complex situation located between the 2-fold ‘apgedel’ and 3-fold ‘edge model’
extremes. Up till now such an anion disorder md@el not been reported for a high-
temperature phase of theK,SO,type. The space group of HT-F8®Q is P6s/mmg
from which the symmetry of RT-BBeQ is most probably derived by the following

subgroup relations (via an undetected intermediate)

P6y/mmc &% 5 cmem <L - Pmen = Prma

A comparison of the crystal structures of HT.B&Q, and HT-TLSeQ is useful.
Both modifications appear to possess correlatiaiméc-direction with respect to the
orientation of the Sef) anions and the position chosen by the metal cafiorthe
split positions. When the apical oxygen atom ofaaion is directed toward a split
position the metal ion preferentially occupies s$ite which is furthest away from that
apical oxygen, and this causes the next. Seiion along the threefold axis to also
orient itself accordingly, and so on and so forth.fact this feature is necessary, as it
allows for the presence of unusually shortfRbbonds of 2.33 A to be avoided (in

the case of HT-E5eQ, the corresponding HO bond would be even shorter at 2.28
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A). However, a consideration of the individual $&Canions in the two high-
temperature phases also reveals some problems. HFeFl,SeQ, Se-O bond
distances of 1.42 A and 1.40 A are claim&dThese seem questionable as such a
bond distance is ordinarily more characteristiSefO bonds. These unusually short
Se-0 bond distances are more likely an artefact ofréfimement resulting from the
high thermal motions of the Se and O atoms. Addéily the G-Se-O angles of
106.97 and 111.8%reported for HT-TiSeQ are unusually distorted. Thus it seems
more likely that the true structure of HT>$EQ could be similar to that obtained for
HT-Rb,SeQ in the current work, with more regular S€0anions and physically
meaningful SeO bond distances. Furthermore, the 2-fold disoafethe SeQ
anions presented for HT-HBeQ, could also represent an averaged picture of a more
complex disorder, similar to the 12-fold disordees in HT-RbSeQ. In the case of
a-K,SQ; it has been argued that the ‘edge-model’ ofS@isorder most likely
dominates at lower temperatures (e.g. T = 640 °Breas the apex-model becomes
important at higher temperatures (e.g. T = 800*&) This was justified on the basis
that the SG anions demand a larger volume in the latter modalampared to the
former, i.e. the apex-model would only be favouetdhigher temperatures where
expansion of the lattice is sufficient such thdblt disordered S@ anions can be
accommodated within the'Ksublattice. By contrast, what has been obserweH T-
Rb,SeQ in the current work (and also that which has besgorted for HT-TiSeQ

13 shows that for selenate compounds, the anionds@lready possesses more of
an ‘apex-model’ character at lower temperature@tibe phase transition (e.g. 600
°C in the case of HT-RBeQ). The larger unit cell volumes in the case of HT-
Rb,SeQ and HT-TbSeQ presumably allows the Sg©anions enough space within

the cation sublattice for 2-fold disorder to seailower temperatures.

3.7.3 Comparison of HP-, HT- and RT-RbhSe(y

The results of the current work have shown thatSRQ) exhibits two further
crystalline modifications in addition to its roomrtperature form (RT-RBeQ); one
at combined high pressure - high temperature comdit(HP-RbSeQ) and one at

high temperature (HT-RBeQ). The crystal structures of these new modificatio
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can both be related to that of RT48Q, via group-subgroup relations. HT-8eQ,
turns out to be a higher-symmetry variant of RT,$d0, whilst HP-RhSeQ

represents a lower-symmetry variant of RT,8#Q;:

P6s/mmc <—EF — Cmcm <—ﬁF — Pmcn = ana<—lj|Z — P2;/m <—fF - P2,/c

It was shown earlier that HP-ReQ is related to RT-RISeQ mainly through
displacements of the Rbcations whereas the SgOanions exhibit almost no
differences in terms of their 3D arrangement. dthithese modifications a pseudo-
hexagonal cell can be identified, with the pseudrdgonalc-axis parallel to the
[100] direction in RT-RESeQ and parallel to [010] in HP-RBeQ. In this way the
relationship to HT-Rf5eQ becomes apparent. However, HT-B&Q, crystallises
hexagonal R6/mmg and due to the new mirror plane at z = 1/4, th€,S anions are
statistically disordered. If the disordered $e@nions are considered as spherical
entities then HT-RiSeQ can be viewed as an HCP packing of $e@nions in
which all octahedral voids are occupied by the Rbdms, whilst the Rb2 atoms
occupy half of all the tetrahedral voids (i.€. and T) in a statistical manner. The
latter are somewhat displaced towards the basdéiseofetrahedral voids, since they
arise from the Rb2 split position. On the othendhawithout the split position they
would occupy the centres of the triangular facesveen face-sharing tetrahedral
voids (i.e. trigonal bipyramidal coordination); lena structural relationship of HT-
Rb,SeQ to the Npln structure type becomes apparent.
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3.8 Rubidium Oxometallates, RbPdO,, Rb,PtO, & Rb;AuUO,

Although the crystal structures of many alkali nheteometallates are reported in the
literature (e.g. KPdO, *?or RyAgO, %) those of REPAQ, RPtO, and RBAUO,

are undocumented so far. In general such ternamypounds are synthesised via
solid-state reaction of intimately ground oxide tanes, or more recently via the
azide-nitrate rout&€®® However, during the course of the high pressureigh

temperatures investigations of RBRK,SeQ, mixtures in the current work (see
Section 3.6), direct reaction between the intinyaggbund reagent mixture and the
inner walls of the metallic sample capsules lethtoas-of-yet unreported alkali metal
oxometallates RIPAG, Rb,PtO, and RBAUO,. The results are described more fully

in this section.

3.8.1 Rubidium Oxopalladate / Oxoplatinate

3.8.1.1 Synthesis

High pressure - high temperature reactions ofJRRlSeQ, mixtures (2:1 ratio) in
either Pd or Pt sample capsules at pressures @R temperatures of ~ 500 °C and
durations of 16-45 hours were carried out on tls&optcylinder and belt presses. The
recovered polycrystalline products were generalgydlack (in contrast to the beige
colour of the starting mixture). EDX/SEM analysisthe products revealed that they
are heterogeneous and characterised by the presénoen-metallic Pd- and Pt-
containing phases. Analysis of the powder X-rafjratition patterns showed that
alongside residual RO there were also many new reflections. Howevemes of
these could subsequently be assigned to a preyioapbrted powder diffraction
pattern of RBSeQ '** (which crystallises isotypic to 460; **9. Although the
remaining reflections could not be assigned to lamywn compound, the observed
reduction of RBSeQ to RbSeQ implied that oxidation of Pd or Pt of the respeeti
sample capsule must have occurred, leading todheRd- and Pt-containing phases
detected in EDX/SEM analysis. Later it was fouhdttthe powder X-ray diffraction

reflections of these new Pd- and Pt-containing @hauld be indexed by body-

157



3. Special Section

centred orthorhombic unit cella € 9.1 A,b ~ 6.2 A andc ~ 3.2 A). Similar lattice

parameters to these had previously been reporte,RtS,

which was suggestive
of an isotypic relationship. Thus the observedentions of the powder X-ray
diffraction patterns can be explained by three-phasxtures of RO, RbSeQ and

Rbp,MO, (M = Pd or Pt). The balanced equation for thentbal reaction is as

follows:

Rb,O + RkSeQ + M — RbrMO, + RSeQ (M = Pd or Pt)

Complimentary attempts at carrying out the reacinside tube furnaces revealed that
Rb,PdQ can even be obtained at high temperatures (e@’GPwithout the use of
high pressures, whereas RO, could not. However, in the latter case reaction
between the reagent mixture and the inner walth®fsample capsules still occurred,
although under these conditions they led to then&bion of other Pt-containing
phases, which could not be elucidated. The cryitattures of both RBdG, and
Rb,PtO, were refined from the powder X-ray diffraction fgaihs of the three-phase
Rb,O/R,SeQ/Rb,MO, (M = Pd, Pt) mixtures (see Fig. 3.71). Respective
crystallographic data and atomic coordinates arergin Tables 3.21 - 3.23. As can
be seen, there were small problems with respetfittitag in the 27 - 30° @ region,

due to the effects of sample absorption and pgssidihe preferred orientation.
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Fig. 3.71: Rietveld refinements of the powder X-rayiffraction patterns of Rb,PdO, (top) and
Rb,PtO, (bottom)
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Table 3.21: Crystallographic data for RkPdO, and Rb,PtO,

Crystallographic Data

Compound REPAO, Rb,PtO,

Space group Immm(No. 71) Immm(No. 71)
a(h) 9.0043(14) 9.0953(25)
b (A) 6.2214(98) 6.1775(18)
c(A) 3.1775(52) 3.2176(96)
V (A% 178.00(49) 180.79(91)

z 2 2
M, (gmol?) 309.35 398.01
Deac (gemi®) 5.77 7.31

Data Collection

Source Bruker D8 AdvanceBruker D8 Advance
Monochromator Ge(111) Ge(111)
AR 1.54059 1.54059

26 Range; Step (°) 10 <6< 90; 0.009 5 < 20<90,0.009

Structure Refinement

Program TOPAS TOPAS
Rexp (%) 2.36 3.01
R, (%) 4.15 4.29
Rup (%) 5.58 5.87
Roragg (%0) 2.68 1.76
Reduced/ 5.59 3.80

Table 3.22: Atomic coordinates for RbPdO,

Atom Site X y z U (R
Pd 2a 0 0 0 -1.88(80)
Rb 4f 0.1749(22) 172 0 -1.24(76)
0 4h 0 0.2193(15) 172 -3.04(23)
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Table 3.23: Atomic coordinates for RBPtO,

Atom Site X y z U (R
Pt 2a 0 0 0 1.45(89)
Rb 4f 0.1758(24) 112 0 0.69(11)
0 4h 0 0.1962(19) 12 1.07(39)

3.8.1.2 Crystal Structures

As the results of the Rietveld refinements demaesirboth REPAQ and RbPtO,
crystallise in the KPtS structure type (see Fig. 3.72f. This is reinforced by the
fact that the presence of a divalent group 10 nfefalonfiguration) is consistent with
the observed 4-fold square planar coordination radathe transition metal centres.
The PdQ/PtQO, squares are linked together by means of edgenghalbng thec-axis

to give '1D’ chains.

Fig. 3.72: Crystal structures for the isotypic RBPdO, (left side) and RBPtO, (right side) viewed
along [001] direction (Rb, Pd/Pt and O atoms are displayed irgreen, grey and blue respectively)

A consideration of the ReD distances within the Pd@quares in RIPdG reveals
that they all lie at ~ 2.1 A and are thus in clageeement with those reported for the
analogous compound,RdQ, (2.08 A)!*? In RpPtO, the determined RO distances
within the corresponding Pi&quares are ~ 2.0, Avhich demonstrates that there is

negligible dependence on the identity of the tri@msimetal centre. In fact, the
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metal-ligand bond distance within the M®quares (M = general transition metal
centre with 8 configuration) exhibits a much greater dependemtythe identity of
the ligand. This is nicely demonstrated by a campa between RIFPtO, and the
isotypic compounds RPtS **° (PS bond distance = 2.36 And RbPtSe **’
(Pt=Se bond distance = 2.48 A).

3.8.1.3 Calculation of Lattice Energy

The MAPLE (Madelung part of lattice energy) validRp,PdG, and RbhPtO, were
calculated to be 6710.23 kdnfaind 6814.41 kJmdlrespectively (see Table 3.24).
The corresponding values based on the sum of tierybbxide educts (i.e. RO at
2392.70 kJmet, PdO at 4450.69 kJmibland PtO at 4423.19 kJmil amount to
6843.39 kJmot (for Rb,PdO®) and 6815.89 kJmdl (for Rb,PtO,). Thus the
difference between the calculated values of®ll» and RbPtO, and those based on
the sum of the binary oxides is acceptably low amdbunts to 1.95 % (RBAG,) and
0.02 % (RbPtO,). Additionally, inter-atomic distances, coordioat humbers,
effective coordination numbers (ECoN) and meanvicionic radii (MEFIR) have

also been determined (see Tables 3.25 - 3.26).

Table 3.24: Calculated MAPLE values for RbBPdO, and Rb,PtO,

Rb,PdQ, RPtO,

Atom  Charge MAPLE (kJmd)  Atom  Charge MAPLE (kJmd)
Pd +2 2228.61 Pt +2 2415.84
Rb +1 422.21 Rb +1 394.19
o) -2 1818.19 o) -2 1804.69

> = 6710.23 ¥ = 6814.41
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Table 3.25: Inter-atomic distances (A), coordinatio number (CN), effective coordination number
(ECoN) and mean fictive ionic radii (MEFIR) for Rb,PdO,

Atom 0] CN ECoN MEFIR

Pd 2.0942 4 4.0000 0.6942

2.8380
Rb 32296 6 5.2893  1.4678
CN 8

ECoN 7.2393

MEFIR  1.4197

Table 3.26: Inter-atomic distances (A), coordinatio number (CN), effective coordination number
(ECoN) and mean fictive ionic radii (MEFIR) for Rb,PtO,

Atom O CN ECoN MEFIR

Pt 2.0143 4 4.0000 0.6143

2.9440
Rb 31881 6 57241  1.5727
CN 8

ECoN 7.6949

MEFIR  1.4184

3.8.2 Rubidium Oxoaurate

3.8.2.1 Synthesis

High pressure - high temperature reactions ofQRRb,SeQ, mixtures (typically 1:1
ratio) inside Au capsules at pressures ranging on%.5 GPa, temperatures of 500 -
625 °C and durations of 20-72 hours were carrigdoouthe piston-cylinder and belt
presses. The recovered polycrystalline produatieddetween beige to pale green in
colour. EDX/SEM analysis revealed that the progsace heterogeneous and feature a
non-metallic Au-containing phase. Some of the plesereflections in the powder X-

ray diffraction patterns could be attributed to,8&Q ***and residual RI©, whilst
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the remainder could be indexed with an orthorhomisiit cell @ = 12.88 A,b =
12.89 A andc = 14.14 A). Subsequently it was found that thiesiice parameters

exhibit a close similarity to those previously red for RBAgO,,*?°

which suggests
that the isotypic compound B&uO, has formed via reaction of the RWRh,SeQ
mixtures with the Au capsule inner walls. Thereftine observed reflections in the
powder X-ray diffraction patterns can be accourftadby a three-phase mixture of
Rb,0O, RbSeQ and RBAuUO,. The balanced equation for the chemical reaction

involved can be written as follows:

3RO + RBSeQ + 2Au— 2RAUO; + Rb,SeQ

Complimentary attempts at carrying out the reacinside tube furnaces revealed that
the synthesis of RBAUO, was also possible by reacting RWBRb,SeQ, mixtures
inside Au capsules at high temperatures (e.g. €5nithout the application of high
pressures. Also, use of a 3:1 mixture (in accardamith the reaction stoichiometry)
allowed for a significantly higher RBuO, phase fraction to be obtained in the
product. On the other hand, reaction of the,BIBkpSeQ mixtures at lower
temperatures (e.g. 400 °C) did not yieldsRbO, at all; rather this led to products
with an unknown Au-containing compound, which couldt be elucidated. The
crystal structure of RIAUO, was finally refined from the powder X-ray diffram
pattern of the three-phase product (see Fig. 3.@3)stallographic data and atomic

coordinates are given below (see Tables 3.27 ).3.28

9,500 Rb20 BB %
9,000 Rb2Se03 3362 %
8,500 Rb3AU02 5810 %
8,0009
7.,5009
7,000
8,500
6,000
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Fig. 3.73: Rietveld refinement of the powder X-raydiffraction pattern of Rb ;AuO,
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Table 3.27: Crystallographic data for RAuUO,

Crystallographic Data

Compound
Space group

a(h)

b (A)

c(R)

V(A%

4

M, (gmor?)

Peaic (gem?)
Data Collection
Source
Monochromator

A (A)

20 Range; Step (°)
Structure Refinement
Program
Revp (%)

R (%)

Rap (%)
Rbragg(%)
Reduced/?

RPAUO,
P2,2,2; (No. 19)
12.8760(26)
12.8917(27)
14.1416(19)
2347.43
16
485.37
5.49

Bruker D8 Advance
Ge(111)
1.54059
10 <6X 90; 0.009

TOPAS
3.53
5.00
6.50
2.75
3.39
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Table 3.28: Atomic coordinates for RBAUO,

Atom  Site X y z U (R
Aul  4a 0.9947(18) 0.9990(18)  0.1643(18)  -0.61(69)
AU2  4a 0.2508(14) 0.2380(13) 0.9179(16)  -0.61(65)
Au3  4a 0.9931(17) 1.0019(19) 0.8353(18)  -0.61(59)
Aud  4a 0.2489(14) 0.2365(12) 0.5858(16)  -0.61(55)
Rbl  4a 0.1803(28) 0.3093(26)  0.1338(28)  -0.59(95)
Rb2  4a 1.0417(32) 0.0549(28)  0.3988(29)  -0.6(10)
Rb3  4a 0.2245(23) 0.2060(24) 0.3521(18)  -0.59(68)
Rb4  4a 0.0602(33) 0.9405(30) 0.6102(32)  -0.6(12)
RbS  4a 0.0428(36) 0.2358(53) 0.7486(43)  -0.6(14)
Rb6  4a 1.0032(27) 0.2973(56)  0.4968(29)  -0.6(16)
Rb7  4a 0.9850(27) 0.2024(54)  0.0011(27)  -0.6(14)
Rb8  4a 0.9522(39) 0.2661(53) 0.2466(40)  -0.6(13)
Rb9  4a 0.1909(28) 0.0043(51) -0.0001(47)  -0.6(11)
Rb10  4a 0.7735(25) 0.9951(45) -0.0000(36)  -0.59(90)
Rb1l  4a 0.2491(47) 0.9624(33) 0.2520(50)  -0.6(12)
Rb12  4a 0.7480(45) 0.0521(31) 0.2543(33)  -0.6(11)
Ol  4a 0610(18) 0.390(17)  0.823(17)  -2.4(69)
02  4a 0390(16) 0.616(17)  0.822(16)  -2.4(58)
03  4a 0387(16) 0.146(16)  0.917(18)  -2.4(69)
04  4a 0.130(14) 0.349(16)  0.939(15)  -2.4(54)
05  4a 0370(13) 0.400(14)  0.143(14)  -2.4(53)
06  4a 0.119(18) 0.891(17)  0.839(19)  -2.4(55)
07  4a 0388(12) 0.334(13)  0.605(14)  -2.4(46)
08  4a 0.123(16) 0.131(18)  0.569(17)  -2.4(59)

3.8.2.2 Crystal Structure

The result of the Rietveld refinement confirms tR&bAUO, crystallises isotypic to

RbsAgO, ' (see Fig. 3.74).
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Fig. 3.74: Crystal structure of RAuO, viewed along [0Ql] direction (Rb, Au and O atoms are

displayed in green, yellow and blue respectively)

In agreement with the presence of monovalent Aliddnfiguration), linear [Aug*
anions are formed. These are analogous to the J&g@nions observed in
Rb;Ag0,.'*° The determined A4O bond distances range between 2.0 - 2.1 A, which
means that they are in close agreement with theeotise Au—-O bond distances
reported for CsAuO,.'*® However, CsAuO, does not crystallise isotypic to
Rb:AgO,, a fact that can be attributed to the larger sfzbe C$ cations as compared
to the RB cations, and which is independent of the idertdftyhe transition metal in
the [MOy]* anions (M = Ag or Au). The crystal-chemical ingaiiions of the larger
size of C$ cations as compared to smaller'Ris K" cations are well-known (e.g.
CsCI structure type versus rock-salt structure )typ&Vithin the new compound
Rb;AUO,, the [AuQ]® units are arranged parallel to [110] arlp]. In fact, the
crystal structures of both RO, and RBAgO, can be considered to be derived
from the anti-fluorite structure (R®) by replacing 1/4 of the Rixations (which
occupy the tetrahedral voids in the CCP packingreyement of © anions) with Al

or Ag" cations respectively (albeit with prominent disglaents toward tetrahedron
edges, in accordance with the 2-fold linear coatiam).

167



3. Special Section

3.8.2.3 Calculation of Lattice Energy

The MAPLE (Madelung part of lattice energy) valueRin;AuO, was calculated as
4965.60 kJmot: which is comparable to the value reported forARID, (4827.3
kdmoM).**  The calculated MAPLE values along with inter-atormiistances,
coordination numbers, effective coordination nurslf&CoN) and mean fictive ionic
radii (MEFIR) are shown below (see Tables 3.23B038.

Table 3.29: Calculated MAPLE values for RRAuUO,

Atom Charge  MAPLE (kJmd)

Aul +1 580.72557
Au2 +1 504.5909
Au3 +1 478.79232
Au4d +1 465.71975
Rb1 +1 548.54284
Rb2 +1 553.01798
Rb3 +1 501.52837
Rb4 +1 461.26638
Rb5 +1 297.98416
Rb6 +1 412.7062
Rb7 +1 442.79744
Rb8 +1 488.32563
Rb9 +1 307.19812
Rb10 +1 407.70663
Rb11l +1 322.29438
Rb12 +1 365.99937
o1 -2 1558.60361
02 -2 1531.01488
03 -2 1562.01562
04 -2 1543.13232
05 -2 1609.30968
06 -2 1702.68358
o7 -2 1568.15617
o8 -2 1645.91816
> =4965.60
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Table 3.30: Inter-atomic distances (A), coordinatio number (CN), effective coordination number
(ECoN) and mean fictive ionic radii (MEFIR) for Rb;AuO,

Atom o1 02 03 04 05 06 o7 08 CN ECoN MEFIR
Aul 2.0703 2.0128 2 1.9869 0.6208
Au2 21194 2.1317 2 1.9994 0.7215
Au3 2.0561 2.1615 2 1.9583 0.6703
Au4d 22078 21271 2 1.9770 0.7393
Rb1l 2.7918 2.9713 2.8754 2.7048 4 3.8475 1.3581
Rb2 2.7547 24390 28031 3 26918 1.1114
Rb3 2.7608 2.3783 2 1.7738 1.0265
Rb4 3.0261 2.8088 3.3841 2.6515 4 29960 1.3230
Rb5 3.2630 3.2228 3.1491 3.0576 4 39183 1.7139
Rb6 3.0422 3.0581 2.6678 2.8330 4  3.5625 1.3501
Rb7 3.1935 2.6035 2.7988 2.8471 4 33293 1.2763
Rb8 3.0245 2.7524 2.7124 2.6045 4 3.6186 1.2581
Rb9 3.0362 3.3258 2.8533 3.1184 4 35970 1.5402
Rb10 3.2613 2.8621 2.7291 3.2894 4  3.0655 5408
Rb11  2.8206 3.2322 2.8170 3.2941 4  3.2505 5472
Rb12 3.0332 3.3761 2.8722 3.0646 4 35661 B547
CN 6 7 7 7 6 7 6 7

ECoN 5.2600 6.2090 6.0568 6.5916 5.7610 5.7394 48.276.1069
MEFIR  1.4747 15083 1.4859 1.4815 1.4234 1.4361 3204 1.4569
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Bismuth(lIl) Oxide, Bi ;03

High pressure - high temperature investigationBigDs; via a multi-anvil press (with
6 <p<15GPaand T~ 900 °C) have led to thetifiestion of two new metastable
modifications, denoted HP-E); and R-B}Os;. The former is kinetically labile at
ambient conditions, and undergoes slow transfoonato the latter. The crystal
structures of both modifications were solved anfineel from a combination of
powder X-ray and neutron diffraction data. HRB crystallises in trigonaP31c
(No. 159) witha = 7.7490 Ac = 6.3019 AV = 327.71 R andZ = 4, and exhibits a
new structure type. The coordination polyhedrosenobed at one of the Bi sites is
that of a distorted Bi® octahedron, implying a pressure-induced increase i
coordination number and partially-reduced stereotb& activity of the respective
lone electron pair. By contrast, R-Bg crystallises in monoclinié®2;/c (No. 14)
with a = 9.1072(80) Ap = 7.3439(62) Ac = 10.0898(88) AS = 102.11(47)°V =
659.80 (99) Randz = 8. The crystal structure can be regarded a3 faeBnework of
distorted BIQ square pyramids linked by corner- and edge-sharatigeit with
significant lamellar character. Both HP-Bs and R-B}O3; have also been studied by
diffuse reflection spectroscopy (for determinatmithe optical band gaps), Raman
spectroscopy and DSC measurements (for phase tibansgiemperatures and
enthalpies). Furthermore, high pressure - highperature investigations of £;

using a belt press demonstrated the existencediti@thl metastable phases.
Tin(ll) Fluoride, SnF ;

High pressure - high temperature investigationSiof, by means of a multi-anvil
press (with 8 < p <15 GPa and 520 < T < 1100 “@gehafforded a new metastable
modification, denoted as HP-SnFHowever, HP-Snfproved technically challenging
to quench to ambient conditions as it exhibitett@ng propensity for an in-situ back-
transformation to the ambient phage$SnF,, during cooling. Only through optimised

"T-quench” rates (via employment of very small seanmlumes in conjunction with
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a copper cylinder to facilitate heat flow at coghndid a reliable, reproducible
preparation of HP-SnFbecome possible. Solution and refinement of thystal
structure from powder X-ray diffraction data suggethat HP-Snfcrystallises in
hexagonaP6/mmc(No. 194) witha = 4.1848(2) Ac = 14.2524(7) AV = 216.16(2)
A®andZ = 4. The crystal structure can be regarded a8BAC packing of SA*
cations (c.f. La-type) with 2/3 of the interstitiabids (tetrahedral and octahedral)
statistically occupied by Fanions. Thus HP-SaRppears to be a metastable high
pressure - high temperature phase with ‘frozérarfton disorder, which helps to
explain why it was difficult to quench to ambiewinditions. High-temperature X-ray
diffraction measurements reveal that the phase rgonde a continuous
crystallographic distortion in the range 100 < T50 ° C due to progressive ordering
of the F anions, which ultimately triggers the formation efSnF,. The unusual
sensitivity of HP-Snf towards certain external stimuli made further gtrad
investigation by complimentary techniques (e.g. TEMED, Raman spectroscopy or
1951 /*°F solid state NMR) impossible.

Antimony(lll) Oxide, Sb ;03

Following on from recent high pressure - high terapge investigations of 50,
the crystal structure of a still-unsolved metastabbdification (denoted asSh,O3)
has been investigated more closely. From powdeayXdiffraction data it can be
concluded that the Sbhsublattice ind-Sh,Os is a distorted variant of that found ymn
SkOs3 (the metastable high pressure - high temperatuasegelucidated in the recent
work). However, TEM/SAED studies indicate th&tSh,O; exhibits a large
orthorhombic supercell with = 7.30 A,b = 24.469 Ac = 30.508 AV = 5449.45 R
andZ = 66. Based upon the Raman spectrum, the ciststadture o®-Sh,O3 appears
to be built up from complex polymer chains (i.emiar to y-SkbO3). DSC
measurements reveal thRaSh,0O; transforms to the known, orthorhomlfdeSk,Os at
ca. 188 °C and with a transition enthalpy of ca0 &Jmol*. Experimental errors in
the previously reported p-T phase diagram of(gb(due to improper press

calibration) have been corrected for and a revigdd phase diagram constructed.
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The latter helps to clarify the p-T relations 6fSh,Os, y-SkbOs; and the known
modifications B-SkO3; anda-Sk,Os).

Intercalated Lead(ll, V) Oxide, Pb3O4F« and LixPbsO4

High pressure - high temperature investigationBlgO, intercalated with fluorine or
lithium (PsO4F and LKPsO,4) via piston-cylinder and belt press experiments: (2
<8 GPa and 25 < T < 500 °C) have been undertaKdme outcomes reveal that at
certain conditions both intercalation compoundsengd complete decomposition
(PsO4F decomposes to PB; and PbE whilst LiyPO, decomposes to RO,
Li,PbG; and PbO). The p-T regime in which this occurred¢omparable to that in
which a similar decomposition was observed for pRgO, in previously-reported
work. On the other hand, at 'milder' conditionsvéich pure P§O, was reputed as
stable, PEO,F, already undergoes a partial disproportionatioPlbé, and PbOF,,
whereas for LiPO, there are indications of a limited stability begonthe
decomposition boundary of pure #h. Throughout the high pressure - high
temperature investigations of #hF and LiPkO, no evidence for quenchable

metastable polymorphs was found.

Arsenic(V) Oxide, As0Os

High pressure - high temperature experiments wgOAvia a multi-anvil press (6 <

p <15 GPa and 550 < T < 950 °C) appeared to carghevious reports regarding the
existence of at least two new metastable modibeati(here denoted "HP/HT 1" and
"HP/HT 2"), and high-temperature X-ray diffractiomasurements showed that they
undergo back-transformation to the ambient phagseéds,Os. However, a
combination of IR spectroscopy and DTA-TG-MS invgations show that "HP/HT
1" and "HP/HT 2" actually represent new metastdhjdrates of AgOs, since the
observed back-transformationdeAs,Os (at T ~ 200 °C) was accompanied by loss of
H.O. Therefore the previously-reporteg-As,Os" observed during such back-
transformation (at 205 < T < 255 °C) must be regdrais the product of a dehydration
process and not a polymorphic phase transitionnvedtigations of the sample
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capsules employed for the high-pressure experimewsal that they do not offer
sufficient air-tightness, with the result that eaéls,Os sample becomes pre-
contaminated with at least 12.5 mol %A4;0,0 even before commencing the high-
pressure experiments, without which "HP/HT 1" oP/HT 2" could not form.

Rubidium Orthoselenate, R SeQ

High pressure - high temperature syntheses witfORSeQ mixtures (1:1) in a
belt press (6 < p < 8 GPa, 400 < T < 500 °C) hafferded a new rubidium
orthoselenate with the empirical formula /88Q. Due to marked overlap of
reflections in the powder X-ray diffraction patterdetermination of the lattice
parameters was not possible. However, inspectioth® Raman spectrum and
comparison with the spectra of known orthoselenategest a mixed orthoselenate

with the structural formula RtSeQ)(SeQ), containing octahedral SgDanions.
Rubidium Selenate, RbSeQ,

The crystal structures of two new crystalline mmaifions of RBSeQ, are presented
(denoted as "HP-RBeQ" and "HT-RkSeQ"). HP-RBSeQ is a quenchable high
pressure - high temperature modification of,&#0,. Single-crystal structure
determination reveals that it crystallises in mdmic P2;/c (No. 14) witha =
12.475(3) Ab = 7.884(2) Ac = 12.485(3) A S = 119.956(3)°V = 1063.9(5) R and

Z = 8. The crystal structure is related to thathef ambient modification of RBeQ,
containing an ordered arrangement of $e@nions but with differences in the cation
arrangements. In contrast, HT-SleQ represents a high-temperature modification
of Rb,SeQ formed at T > 545 °C. Rietveld refinements of {h@wder X-ray
diffraction pattern at T ~ 600 °C show that it ¢ajféses in hexagond6s/mmc(No.
194) witha = 6.3428(1) Ac = 8.5445(1) AV = 297.71(1) RandZ = 2. It is isotypic
to a-K,S0Q, and therefore features statistically-disordere®,Seanions, although a
more complex 12-fold anion disorder model was fotmdbe a better description of
the inherent disorder. The crystal structures athlHP-RhSeQ, and HT-RhSeQ
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can be related to that of the ambient,&0, modification via group-subgroup

relations.
Rubidium Oxometallates, RbPdO,, Rb,PtO> & Rb3AuO-»

During high pressure - high temperature investoyetiwith RBO/Rb,SeQ, mixtures
(at2<p<6GPaand500<T<625 °C) using PayPu sample capsules, reaction
between the inner surfaces of the respective capsuid the reagent mixture afforded
three new rubidium oxometallates: RO, Rb,PtO, and RBAUO,. Each compound
was obtained in a mixture alongside ;Rband RbSeQ, and their formation is
accompanied by the reduction of 8eQ. Both RbPdQ and RBPtO; crystallise in
orthorhombic Immm (No. 71) with a = 9.0043(14) A,b = 6.2214(98) A.c =
3.1775(52) AV = 178.00(49) A Z = 2 anda = 9.0953(25) Ab = 6.1775(18) Ac =
3.2176(96) A,V = 180.79(91) A Z = 2 respectively. Thus both compounds are
isotypic to KPtS and contain chains of edge-sharing PdOPtQ, squares along the
c-axis. By contrast, RIAUO; crystallises in orthorhombiB2;2:2; (No. 19) witha =
12.8760(26) Ap = 12.8917(27) Ac = 14.1416(19) AV = 2347.43 R andZ = 16.
Therefore this compound is isotypic to JRQO,, featuring an ordered 3D

arrangement of linear [AwJ)” anions.
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Bismut(lll) Oxid, Bi 05

Hochdruck-Hochtemperatur Untersuchungen anOBimittels einer Multi-Anvil
Presse (bei 6 < p < 15 GPa und T ~ 900 °C) ergatvesi neue, metastabile
Modifikationen, die als HP-BD3; und R-BpOs bezeichnet werden. Das Erstere weist
sich unter Normalbedingungen als kinetisch labdl wandelt sich allm&hlich in das
Letztere um. Die Kiristallstrukturen beider Moddtionen wurden aus einer
Kombination von Rontgen- und Neutronen-Pulverdiifogrammen gelést und
verfeinert. HP-BiO; kristallisiert im trigonalerP31c (Nr. 159) mita = 7.7490 Ac =
6.3019 A,V = 327.71 R Z = 4 und weist einen neuen Strukturtyp auf. Der
Koordinationspolyeder an einer Bi Lage kann alszester Oktaeder betrachtet
werden, was fir eine druckinduzierte Erweiterung Keordinationszahl und eine
partielle Abnahme der stereochemischen Aktivitds deeien Elektronenpaares
spricht. Im Gegensatz dazu kristallisiert R im monoklinenP2,/c (Nr. 14) mita

= 9.1072(80) Ap = 7.3439(62) Ac = 10.0898(88) AB = 102.11(47)°V = 659.80
(99) A% undz = 8. Die Kristallstruktur kann als dreidimensitesaGeriist aus ecken-
und kantenverknipfenden verzerrten BiQuadratischen Pyramiden betrachtet
werden, das jedoch einen signifikanten Schicht¢ftaraufweist. Ansonsten wurden
HP-Bi,O; sowie R-BjyO3; auch mit Hilfe der diffusen Reflektions Spektrogi®o
(Bestimmung von optischen Bandlicken), Raman Sepsktpie und DSC
Messungen (Temperaturen und Enthalpien der Phasesmuaffungen) untersucht.
Hochdruck-Hochtemperatur Untersuchungen anOBimittels einer Belt Presse

belegen zudem die Existenz weiterer metastabil@séth
Zinn(ll) Fluorid, SnF ,

Hochdruck-Hochtemperatur Untersuchungen an, $nEiner Multi-Anvil Presse (mit
8 < p <15 GPa und 520 < T < 1100 °C) fuhrten zuerineuen, metastabilen
Modifikation, nachfolgend HP-SnaFgenannt. Jedoch war es eine technische

Herausforderung HP-Spluf Normalbedingungen abzuschrecken, da es eineesta

175



5. Zusammenfassung

Neigung zu einer in-situ Ruckumwandlung in die Reamperaturmodifikatioro-
Snk, wahrend des Kihlungsprozesses aufwies. Alleindogtimierte "T-quench”
Raten (die unter Verwendung von moglichst kleineabBnvolumen und einem der
Probe nahe liegenden Kupferzylinder der den Warnheste forderte, realisiert
wurden) war eine erfolgreiche, reproduzierbare tédtsrg von HP-SnfF mdglich.
Kristallstrukturlosung und Verfeinerung aus demvwdiffraktogramm zeigen, dass
HP-Snk im hexagonale®6/mmc(Nr. 194) mita = 4.1848(2) Ac = 14.2524(7) A,

V = 216.16(2) RundZ = 4 kristallisiert. Die Struktur kann als eine AB Packung
von Srf* Kationen (vgl. La-Typ) in der 2/3 aller Liicken fd.tetraedrische und
oktaedrische Lucken) statistisch mitA&nionen besetzt sind, betrachtet werden. Dass
HP-Snk; eine metastabile Hochdruck - Hochtemperatur Modifdn mit 'gefrorener’
Fehlordnung der FAnionen darstellt, wirde auch erklaren, weshatth slie Phase
nicht so leicht abschrecken liess. Hochtempemtintgenbeugungsmessungen
zeigen, dass die Phase im Bereich 100 < T < 150 éin@r kontinuierlichen
kristallographischen Verzerrung unterliegt, was @uak progressive Ausordnung der
F Anionen zurlckzufiihren ist und letztlich die Bilduvon a-Snk, auslést. Die
aussergewohnliche Empfindlichkeit von HP-nEnter Aussetzung mancher
physischen Einflisse machte weitere strukturelldetdnchungen mittels anderer
Methoden (z.B. TEM/SAED, Raman spectroscopy dd&n /*°F Festkérper NMR)

leider nahezu unmaoglich.
Antimon(lll) Oxid, Sb ;03

Ausgehend von bereits stattgefundenen Hochdruaschtémperatur Untersuchungen
mit SkbO;, wurde die Kiristallstruktur einer bisher noch nichufgeklarten
metastabilen Modifikation (nachfolgedSh,O3; genannt) ndher untersucht. Anhand
von Pulverdiffraktogrammen lasst sich schliessaessdias SHTeilgitter beid-Sk03
eine Verzerrung dessen hebh,O3 (eine bereits aufgeklarte metastabile Modifikation
die in den vorhergehenden Untersuchungen beschriehede) darstellt. Allerdings
zeigen die TEM/SAED Aufnahmen, dassSh,Os; eine grosse orthorhombische
Superzelle mia = 7.30 A,b = 24.469 Ac = 30.508 AV = 5449.45 R undZ = 66

besitzt. Das Raman Spektrum weist zudem darayflass die Kristallstruktur vod
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5. Zusammenfassung

ShO3; aus komplexen polymerartigen Ketten aufgebautwst, es auch bef-Sh,O3
der Fall ist. Aus DSC Messungen liess es sichweigen, dass siahtSb,O3 ab etwa
188 °C in die bekannte orthorhombische Modifikati@ShOs) umwandelt, und
zwar mit einer Umwandlungsenthalpie von ca. -6.0d&J. Experimentelle Fehler
im zuvor erschienenen p-T Phasendiagramm vonOsShiwegen inkorrekter
Kalibration der Pressen) sind sorgfaltig korrigiwdrden und daraus ein revidiertes p-
T Phasendiagramm erstellt worden, welches die Waibge vond-SkOs, y-ShO;

und die bekannten Modifikationef-Sh,O3; anda-Sk,O3) besser verstehen lasst.

Interkaliertes Blei(ll, 1V) Oxid, Pb 304F4 und LixPbsO4

Hochdruck-Hochtemperatur Untersuchungen an mitribder Lithium interkaliertem
PO, (d.h. PBO4F« und LiPsO,) in einer Piston-Zylinder und Belt Presse (2 <® <
GPa und 25 < T <500 °C) sind unternommen wordem Ergebnisse belegen, dass
ab gewissen Bedingungen beide Verbindungen eindist&odigen Zersetzung
unterliegen (P¥D4F, zersetzt sich in B3z und PbEk wahrend sich PO, in PipOs,
Li,PbG; und PbO zersetzt). Der p-T Bereich in dem didgehalten stattfand ist
vergleichbar mit dem p-T Bereich in dem reines@tbei friheren Untersuchungen
ein ahnliches Zersetzungsverhalten zeigte. Bea®timilderen' Bedingungen, bei
denen reines RO, angeblich stabil blieb, geschieht bes®l bereits eine partielle
Disproportionierung in PFund PbOF,, wobei LiPkO, Anzeichen fir eine
begrenzte Stabilitdt jenseits der Zersetzungslina reinem PO, aufweist.
Wahrend der Hochdruck-Hochtemperatur UntersuchurgarPO4F« und LKP0,

wurden keinerlei Hinweise auf abschreckbare mebdst®dodifikationen gefunden.

Arsen(V) Oxid, As,Os

Hochdruck-Hochtemperatur Untersuchungen apOAsmit Hilfe einer Multi-Anvil
Presse (6 < p <15 GPa und 550 < T < 950 °C) sehidie Existenz von mindestens
zwei neuen metastabilen Modifikationen (hier "HP/HTund "HP/HT 2" genannt) zu
bestatigen, die schon =zuvor erwdhnt worden sind. ochkeémperatur-
Rontgenbeugungsmessungen  belegen, dass sich diemslerw in die
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5. Zusammenfassung

Raumtemperaturmodifikationa{As;0Os) umwandeln. Aus IR Spektroskopie und
DTA-TG-MS Untersuchungen ergab sich jedoch, da€?/FH 1" und "HP/HT 2" in
der Tat neue metastabile Hydrate von.@s darstellen, da die beobachtete
Ruckumwandlung ina-As;0Os (ab etwa T ~ 200 °C) mit einem konkreten
Wasserverlust gekoppelt ist. Daher muss das Zueschriebeney*As,Os", welches
wahrend der Rickumwandlung beobachtet wurde (Hek20 < 255 °C), das Produkt
einer Dehydration und nicht einer Phasenumwandisgig. Untersuchungen der
Probenkapseln, welche bei den Hochdruckexperimeeitegesetzt werden, zeigen,
dass diese nur eine begrenzte Luftdichtigkeit besitweshalb sich bei jeder &%
Probe vor Beginn der Experimente mindestens 12 5%mblsAs3;0,0 bildet, was fir
die Entstehung von "HP/HT 1" und "HP/HT 2" notig is

Rubidium Orthoselenat, RSeG;

Hochdruck-Hochtemperatur Synthesen an®Rb,SeQ Mischungen (1:1) mit Hilfe
einer Belt Presse (6 < p < 8 GPa, 400 < T < 500 fifdyten zu einem neuen
Rubidium Orthoselenat mit empirischer Formel ;8&8G. Bedingt durch die
signifikante Uberlagerung beobachteter Reflexe wuv@diffraktogramm, war eine
Bestimmung der Gitterparameter nicht moglich. dbdeine Betrachtung des Raman
Spektrums und ein Vergleich mit den Spektren deeiteebekannten Orthoselenate,
sprechen fir ein gemischtes Orthoselenat mit sirakér Formel RESeQ)(SeQ),

in dem oktaedrische S@bAnionen vorhanden sind.
Rubidium Selenat, RbSe(y

Die Kristallstrukturen zwei neuer kristallinen Mdgationen von RbSeQ werden
prasentiert (nachfolgend "HP-E&eQ" und "HT-RbSeQ" genannt). HP-RiseQ
stellt eine abschreckbare Hochdruck - Hochtemperamiodifikation dar.
Strukturbestimmungen aus einem Einkristall deutlass sie im monoklineR2;/c
(Nr. 14) mita = 12.475(3) Ap = 7.884(2) A,c = 12.485(3) A3 = 119.956(3)°V =
1063.95) R und zZ = 8 kristallisiert. Die Struktur &hnelt der der

Raumtemperaturmodifikation von FeQ, ebenfalls mit geordneten S£QAnionen,
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5. Zusammenfassung

jedoch mit deutlichen Unterschieden beziglich datidh Positionen. Im Gegensatz
ist HT-RSeQ eine Hochtemperaturmodifikation von f82Q, die sich ab T > 545
°C bildet. Rietveld Verfeinerungen des Pulverditogramms bei T ~ 600 °C
bestéatigen, dass HT-RBeQ im hexagonalerP6s/mmc (Nr. 194) mita = 6.3428(1)
A, c = 8.5445(1) AV = 297.71(1) R undZ = 2 kristallisiert. Es ist isotyp zo-
K,SO, und weist daher statistisch fehlgeordnete Sefhionen auf, wobei sich eine
kompliziertere 12-fache Anionfehlordnung als bessBeschreibung erwies. Die
Verwandschaft der Kristallstrukturen von HP-BbQ, sowie HT-RbSeQ, gegenuber
der der Raumtemperaturmodifikation von,BeQ kann mit Gruppen-Untergruppen

Beziehungen beschrieben werden.
Rubidium Oxometallate, Rb,PdO,, Rb,PtO, & Rb3AuUO,

Mittels Hochdruck-Hochtemperatur UntersuchungenRépO/Rb,SeQ, Mischungen
(bei 2 < p <6 GPa und 500 < T < 625 °C) unter \&@rdung von Pd, Pt oder Au
Probenkapseln entstanden aus der Reaktion zwidohenflachen der Kapseln und
der Ausgangsmischung drei neue Rubidium OxometallBzPdCG, Rb,PtO, und
RbzAuO,. Jede Verbindung wurde als Gemisch zusammen D Rind RbSeQ
erhalten, und deren Bildung war mit der Reduktion RzSeQ, gekoppelt. REPAG
und RBPtG; kristallisieren im orthorhombischdmmm (Nr. 71) mita = 9.0043(14)
A, b = 6.2214(98) A,c = 3.1775(52) A,V = 178.00(49) A und Z = 2,
beziehungsweis@ = 9.0953(25) A,b = 6.1775(18) A,c = 3.2176(96) AV =
180.79(91) R und Z = 2. Daher sind beide Verbindungen isotyp zP#& und
enthalten Ketten aus kantenverknipften Paod®r PtQ Quadraten langs derAchse.
Im Gegensatz kristallisiert BAUO, im orthorhombische®2,2,;2; (Nr. 19) mita =
12.8760(26) Ap = 12.8917(27) Ac = 14.1416(19) AV = 2347.43 RAundZ = 16.
Somit ist diese Verbindung isotyp zu JRgO,, mit einer dreidimensionalen

Anordnung aus linearen [Au{d” Anionen.
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