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Abstract

Only a very limited region of the Earth’s interior is accessible for direct
observations. Therefore, the thermodynamic conditions in the depth are reconstructed
by experiments in order to investigate the stability and properties of minerals, which
make up the inner Earth. Fluid-bearing phases have a large influence on processes
within the Earth’s mantle. In order to understand possible transport mechanisms of
fluids into the depth it is necessary to gain information on the stability of fluid-bearing
phases. The aim of this thesis was to extend the knowledge on OH-bearing minerals as
transportation and storage sites for water in the Earth’s mantle.

Garnets and olivine are important minerals that make up the Earth’s lower crust
and upper mantle. Garnets are known to form solid-solution series with hydrogarnets,
such as grossular, Ca3Al2(SiO4)3, and katoite, Ca3Al2(O4H4)3. The O4H 4 ´  SiO4

substitution shows an important mechanism of structural water incorporation in
silicates. Structurally bound water might be transported within garnets to the depth
through subduction zones. In this context the high-pressure behaviour of the silicate-
hydrogarnet henritermierite, Ca3Mn2(SiO4)2(O4H4), was studied up to 8.6 GPa by
single-crystal X-ray diffraction. High-precision compressibility data yielded a strong
dependence of the bulk modulus on O4H4 incorporation if compared to other garnets.
Axial anisotropic compressibility was attributed to a reduction of Jahn-Teller distortion
of the Mn3+O6 polyhedron with pressure.

Previous studies showed that nominally anhydrous minerals might contain a few
weight percent of water. Olivine (Mg2SiO4), the major component of the Earth’s
mantle, exhibited monolayers of clinohumite in high-resolution transmission electron
microscopic studies. Clinohumite, Mg9(SiO4)4(F,OH)2, and chondrodite,
Mg5(SiO4)2(F,OH)2, members of the humite-group minerals, show a strong structural
relationship to olivine, and belong to the hydrous dense magnesium silicates. They are
candidate minerals for the transportation of water into depth. The humite-group
minerals show a large variability in chemical composition due to different substitution
mechanisms. In this study, we concentrated on the influence of the F(OH)-1 substitution
on the structural high-pressure behaviour. High-pressure compressibility studies were
performed for natural F-bearing chondrodite and clinohumite. The results showed only
slightly higher bulk moduli if compared to the OH-endmembers. High-pressure single-
crystal X-ray intensity data were collected up to 9.6 GPa for F-bearing chondrodite and
synthetic hydroxylchondrodite. The data of F-bearing chondrodite gave insight into the
overall compressional behaviour of the polyhedral framework (non-hydrogen atoms).
These results were complemented by high-pressure neutron powder diffraction data of
synthetic (OD,F)-chondrodite, which gave structural information on the O-D◊◊◊O/F

geometry with pressure.
A complementary study dealt with the low-temperature behaviour of natural

titanian hydroxylclinohumite, F-bearing clinohumite and F-bearing chondrodite. Single-
crystal neutron diffraction data were collected between room temperature and 10 K in
order to investigate the effect of F(OH)-1 substitution on the hydrogen-atom
environment on the one hand, and the importance of symmetry-forbidden reflections on
the space-group symmetry and their origin, as can be derived from the behaviour at low
temperature, on the other hand. H-H repulsion between H sites otherwise related by a
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centre of symmetry in humites requires a site occupation of £ 50 % and a concomitant

disordered distribution of the H atoms on the symmetry-related sites. Therefore, the
centre of symmetry is locally violated by H atoms. Depending on the size of locally
ordered domains relative to the coherence length of the X-rays, symmetry-forbidden
reflections can occur. Hardly any OH-endmember is found in nature, as long as the
geochemical environment provides sufficient F and/or Ti. If not, a second H site is
formed at higher H content.

In addition to the studies on hydrogen-bearing silicates, simple fluid-bearing
materials were investigated in order to contribute to a theoretical basis of the crystal-
chemical behaviour of structurally bound water as a function of pressure, temperature
and chemical composition. This basis should serve as analogue for the interpretation of
the behaviour of complex minerals, such as fluid-bearing silicates. Hydroxides of the
earth-alkaline elements were investigated, because they are simple compounds and
allow the distinction of the relative influences of the different thermodynamic
parameters from chemical effects more easily than complex minerals. Previous studies
dealt with the high-pressure behaviour of Mg(OH)2 and Ca(OH)2. Our investigations
were extended on Sr(OH)2 and Ba(OH)2, the cations of which are higher coordinated
and larger in size. These compounds could simulate the behaviour of the hydroxides of
smaller cations at much higher pressures.

Various synthesis experiments of hydroxides were carried out. Powder of pure
deuterated and non-deuterated barium hydroxide was successfully produced. Single-
crystal synthesis of Ba(OH)2 and Sr(OH)2 did not succeed by now due to difficulties in
handling these sensitive materials.

The structural behaviour of both b- and a-Ba(OD)2 was first investigated as a

function of temperature. Neutron powder diffraction data of the deuterated samples
were collected between 10 and 552 K. Although the b phase remained stable at low

temperature, the high-temperature a phase, which is metastable at low temperature,

showed an unusual reversible phase transition towards another metastable am phase

between 100 and 150 K. This phase transition is driven by an order-disorder mechanism
of one of the deuterium atoms.

A high-pressure study showed results quite different to the behaviour at low
temperature. Synchrotron X-ray powder diffraction data were measured for b- and a-

Ba(OH)2, as well as for Sr(OH)2 up to 13 GPa. b-Ba(OH)2 showed up to three phase

transitions in the investigated pressure range. The first phase transition is described by a
doubling of the unit-cell volume and the loss of symmetry elements. At higher pressures
the structure becomes too complicated to be solved from present high-pressure powder
data, as the symmetry is again reduced and the unit-cell becomes even larger. The
results at lower pressures showed increasing coordination numbers of the barium atoms.
a-Ba(OH)2 was not stable either during loading or at increasing pressure, hence

transforming back to the stable b phase. The data of Sr(OH)2 showed either a mixture

with an unknown phase, or an unresolved phase transition below 1.2 GPa. Above 13
GPa the sample amorphised.
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On the whole, the behaviour of hydroxides at high pressure seems to become more
complex with increasing cation/anion size ratio. Furthermore, none of these studies
showed decomposition of the hydroxides to their oxide components under pressure.
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Zusammenfassung

Ein nur sehr limitierter Bereich des Erdinnern ist unseren direkten Beobachtungen
zugänglich. Deshalb sollen die thermodynamischen Bedingungen, wie sie in der Tiefe
herrschen, mittels Experimenten nachvollzogen werden, um die Stabilität und die
Eigenschaften der Minerale, welche das Innere der Erde aufbauen, zu untersuchen.
Fluidhaltige Phasen haben einen grossen Einfluss auf die Prozesse innerhalb des
Erdmantels. Um nun mögliche Transportmechanismen von Fluids in die Tiefe zu
verstehen, ist es notwendig, Informationen über die Stabilität von fluidhaltigen Phasen
zu gewinnen. Das Ziel dieser Doktorarbeit war, das Wissen über OH-haltige Minerale
als Transport- und Speichermedien für Wasser im Erdmantel zu erweitern.

Granat und Olivin tragen zu einem erheblichen Anteil zum Aufbau der Erdkruste
und des oberen Erdmantels bei. Es ist bekannt, dass Granate eine Mischkristallreihe mit
Hydrogranaten bilden, wie z.B. Grossular, Ca3Al2(SiO4)3, und Katoit, Ca3Al2(O4H4)3.
Die O4H4 ´ SiO4 Substitution ist ein wichtiger Mechanismus, um Wasser strukturell in

Silikate einzubauen. Strukturell gebundenes Wasser könnte in Granaten über
Subduktionszonen in die Tiefe transportiert werden. In diesem Zusammenhang wurde
das Hochdruckverhalten des Silikathydrogranats Henritermierit, Ca3Mn2(SiO4)2(O4H4),
mittels Einkristallröntgenbeugung bis 8.6 GPa untersucht. Hochpräzise
Kompressibilitätsdaten zeigten im Vergleich mit den Daten anderer Granate eine starke
Abhängigkeit der Kompressibilität vom Einbau von O4H4 Gruppen. Die axiale
anisotrope Kompressibilität wurde auf eine Reduktion der Jahn-Teller Verzerrung des
Mn3+O6 Oktaeders mit Druck zurückgeführt.

Frühere Untersuchungen zeigten, dass nominell wasserfreie Minerale ein paar
Gewichtsprozent Wasser enthalten können. Olivin als Hauptbestandteil des Erdmantels
zeigte in hochauflösenden Transmissionselektronenmikroskopaufnahmen Zwischen-
schichten von Clinohumit. Clinohumit, M g 9(SiO4)4(F,OH)2, und Chondrodit,
Mg5(SiO4)2(F,OH)2, gehören der Humitgruppe an, weisen eine starke strukturelle
Ähnlichkeit zu Olivin auf, und werden den wasserhaltigen dichten Magnesiumsilikaten
zugesprochen. Sie sind wahrscheinliche Kandidaten für den Transport von Wasser in
die Tiefe. Die Humitminerale weisen eine grosse chemische Variabilität und somit
unterschiedliche Substitutionsmechanismen auf. In diesen Untersuchungen
konzentrierten wir uns auf den Einfluss der F(OH)-1 Substitution auf das strukturelle
Hochdruckverhalten. Es wurden Hochdruckkompressibilitätsmessungen an F-haltigem
Chondrodit und Clinohumit durchgeführt. Im Vergleich zu den OH-Endgliedern weisen
sie eine leicht geringere Kompressibilität auf. Einkristallröntgenbeugungsintensitäts-
daten wurden von F-haltigem Chondrodit und synthetischem Hydroxylchondrodit unter
Drücken bis zu 9.6 GPa gesammelt. Die Daten des F-haltigen Chondrodits gaben einen
Einblick in das gesamte kompressive Verhalten des Polyedergerüsts (ohne die
Wasserstoffatome). Diese Resultate wurden durch Hochdruckpulverneutronenbeu-
gungsdaten von synthetischem (OD,F)-Chondrodit erweitert. Diese gaben uns
strukturelle Informationen über die O-D◊◊◊O/F Geometrie als Funktion von Druck.

Eine komplementäre Untersuchung beschäftigte sich mit dem Tieftemperatur-
verhalten von natürlichem Titanhydroxylclinohumit, F-haltigem Clinohumit und F-
haltigem Chondrodit. Es wurden Einkristallneutronenbeugungsdaten zwischen
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Raumtemperatur und 10 K gesammelt, sowohl um den Effekt der F(OH)-1 Substitution
auf die Umgebung des Wasserstoffatoms, als auch die Bedeutung von
symmetrieverbotenen Reflexen auf die Raumgruppe und deren Herkunft aus dem
Verhalten bei tiefer Temperatur zu untersuchen. H-H Abstossung zwischen an und für
sich zentrosymmetrisch gekoppelten Wasserstoffpositionen in Humiten macht eine
Besetzungsdichte dieser Position von über 50 % unmöglich. Die Verteilung der
Wasserstoffatome auf die teilbesetzte Position ist ungeordnet. Dadurch wird das
Symmetriezentrum lokal durch die Wasserstoffatome verletzt. Je nach Grösse der lokal
geordneten Domänen relativ zu der Kohärenzlänge der Röntgenstrahlung können
symmetrieverbotene Reflexe auftreten. Solange das geochemische Umfeld genügend F
und/oder Ti zur Verfügung stellt, werden kaum OH-Endglieder gefunden. Wenn nicht,
dann wird bei höherem Wasserstoffgehalt eine zweite Wasserstoffposition gebildet.

Zusätzlich zu den Untersuchungen an wasserstoffhaltigen Silikaten wurden
einfache fluidhaltige Substanzen untersucht. Dies sollte dazu beitragen, die theoretische
Grundlage für das kristallchemische Verhalten von strukturell gebundenem Wasser als
Funktion von Druck, Temperatur und chemischer Zusammensetzung zu erweitern.
Diese Grundlagen sind als Analogon für die Interpretation des Verhaltens komplexerer
Minerale (z.B. fluidtragender Silikate) von Bedeutung. Im besonderen sollten die
Hydroxide der Erdalkalien betrachtet werden, weil sie sehr einfache Substanzen sind,
mit denen die relativen Einflüsse der verschiedenen thermodynamischen Parameter
besser von chemischen Effekten unterschieden werden können. Vorangegangene
Untersuchungen haben sich mit dem Hochdruckverhalten von Mg(OH)2 und Ca(OH)2

beschäftigt. Unsere Untersuchungen wurden auf die Hydroxide von Kationen höherer
Ordnungszahl, wie Sr(OH)2 und Ba(OH)2, welche höher koordinierte und grössere
Kationen aufweisen, ausgeweitet. Diese Substanzen könnten das Verhalten von
Hydroxiden kleinerer Kationen unter viel höheren Drücken simulieren.

Es wurden mehrere Syntheseexperimente von Hydroxiden durchgeführt. Reines
Pulver von deuteriertem und nicht-deuteriertem Bariumhydroxid wurde erfolgreich
hergestellt. Die Einkristallsynthese von Sr(OH)2 und Ba(OH)2 war aufgrund der
Schwierigkeiten beim Umgang mit den sensiblen Materialien noch nicht erfolgreich.

Das strukturelle Verhalten von b- und a-Ba(OD)2 wurde zuerst als Funktion der

Temperatur untersucht. Neutronenbeugungsdaten wurden an deuterierten Pulverproben
zwischen 10 und 552 K gemessen. Obwohl die b Phase bei tiefen Temperaturen stabil

blieb zeigte die Hochtemperatur a Phase, welche bei tiefen Temperaturen metastabil ist,

zwischen 100 und 150 K einen ungewöhnlichen, reversiblen Phasenübergang zu einer
anderen metastabilen am Phase. Dieser Phasenübergang wird durch einen Ordnungs-

Unordnungsmechanismus eines der Deuteriumatome ausgelöst.
Unter Hochdruck weist Ba(OH)2 ein deutlich anderes Verhalten auf als zu tiefen

Temperaturen. Es wurden Synchrotronröntgenbeugungspulverdaten an b - und a-

Ba(OH)2 sowie an Sr(OH)2 bei Drücken bis 13 GPa gemessen. Bis zu drei
Phasenübergänge wurden in diesem Bereich an b-Ba(OH)2 beobachtet. Der erste

Phasenübergang kann durch eine Verdoppelung des Volumens der Einheitszelle und
durch den Verlust von Symmetrieelementen beschrieben werden. Unter höheren
Drücken wird die Struktur zu kompliziert, um mit den gegenwärtigen
Hochdruckpulverbeugungsdaten gelöst zu werden, weil die Symmetrie weiter reduziert
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wird und die Einheitszelle noch grösser wird. Die Resultate bei niederen Drücken
zeigten eine Erhöhung der Koordination der Bariumatome. a-Ba(OH)2 wurde entweder

während der Ladung der Diamantstempelzelle oder bei Druckerhöhung instabil und
wandelte sich in die stabile b Phase zurück. Die Daten von Sr(OH)2 bestanden entweder

aus einer Mischung mit einer unbekannten Phase oder zeigten einen ungelösten
Phasenübergang unterhalb von 1.2 GPa.

Im allgemeinen scheint das Verhalten der Hydroxide unter hohen Drücken mit
wachsendem Verhältnis der Kationen- zu den Anionenradien komplexer zu werden.
Desweiteren wurde in keiner dieser Studien eine Aufspaltung der Hydroxide in ihre
Oxidkomponenten beobachtet.
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1. Introduction

1.1 The interior of the Earth

The structure and composition of the planet Earth leave much room for debate,
since the direct access to the Earth’s interior is very limited. Only the composition of
the Earth’s crust is well documented, as the first few kilometres are accessible by deep-
zone drilling. The investigation of mantle material, however, is restricted to certain
regions, where geological processes, such as volcanism and tectonics, brought material
from great depths to the surface. Though these limited regions are not representative for
the whole mantle, they give some insight into its composition. Especially the study of
inclusions within mantle material contains information about the equilibrium mineral
assemblages at the conditions where the material comes from. For example diamonds
from kimberlites are host candidates, which are stable enough to survive the transport
from depths at maximum down to the lower mantle (670 km depth). The major part still
remains unknown down to the centre of the Earth (at about 6370 km depth). Ideas about
the structure and composition of the solar system and that of the Earth’s core and lower
mantle could be derived from the analysis of extraterrestrial materials such as
meteorites. The missing information, which contributes to the understanding of the
processes within the Earth and of the genesis of the Earth, is then modelled from the
results of various indirect experimental techniques.

Seismological methods revealed a zoning of the Earth’s structure and led to the
formulation of the shell model of the Earth based on differences in the measured
physical bulk properties at various depths. This is achieved by a surface-covering
recording of seismic waves, which are produced by earthquakes and sent into the deep
interior, where they are refracted and reflected. Relations between the travel times and
hence velocities of seismic waves to the density and bulk modulus allow the
reconstruction of seismic discontinuities within the Earth, which represent important
physical and chemical boundaries.

Laboratory experiments aim at the reconstruction of the pressure and temperature
conditions within the deep Earth. They give additional information on the mineralogical
composition determined by element abundance, phase stability and mineral reactions in
order to develop mechanisms that could explain the observed discontinuities. For
example, the determination of the equations of states of minerals is necessary for the
comparison with and reconstruction of the average bulk modulus as derived by seismic
methods. Phase transitions of minerals play an important role as they can lead to jumps
in the physical properties, which might be related with the occurrence of seismic
discontinuities. Such relations are commonly believed for olivine, Mg2SiO4, a major
component of the Earth’s mantle. Olivine undergoes several phase transitions as a
function of extreme temperature and pressure conditions. Small variations in the
chemical composition, such as volatile content, can change the stability range and
influence model systems. The correlation between physical properties of minerals and
their atomic arrangement requires also the analysis of crystal structures as a function of
pressure, temperature and chemical composition. This thesis should extend the
knowledge of the effects of OH and hydrogen bonding on the high-pressure behaviour
from a crystal-structural point of view.
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1.2 Water in the deep Earth

Water is an important component of minerals and rocks that make up the Earth’s
mantle. The average water content of the mantle is estimated from various accretion
models for the solar system. The crust and the oceans hold at least 90 % of the Earth’s
water. The rest (up to 10 %!) is distributed heterogeneously in the mantle and the core.
The major questions for debates are in which exact chemical form this water is
transported to the depth and how it is stored and distributed in the mantle (Bell and
Rossman 1992; Thompson 1992). It can either exist as hydroxyl (OH-) bound within the
structure of minerals, as a free vapour phase, or dissolved in melts at high temperatures.
The strong interest results from the large influence of water on the physical and
chemical properties of earth materials. As the amount of water increases, the melting
temperature of rocks is lowered and the viscosity and density of magma is decreased,
hence enhancing magma migration. The character of volcanic activity is also affected
(explosive or non-explosive). The presence and dehydration of water may even generate
the forces within the Earth that produce earthquakes (Meade and Jeanloz 1991;
Lundgren and Giardini 1994).

Hydrous minerals could be transported to various depths in subduction zones,
when the ocean floor (slab) descends several hundred kilometres into the mantle at
continental margins. The depth depends on the P-T stability of the minerals, the nature
of the subduction zone and hence the slab geotherm (Thompson 1992). The structurally
incorporated water then would be released by dehydration, ascents and could trigger
melting in the overlying mantle wedge. The water from above the 410-km discontinuity
is then recycled back to the crust via arc magmatism. It has been suggested that these
dehydration-rehydration reactions during subduction of oceanic lithosphere are an
important mechanism for transporting and recycling water between crust and mantle
(Stalder and Ulmer 2001). According to some estimates, however, about six times more
water is transported into the mantle than is recycled back by arc volcanism (Thompson
1992). Therefore, large quantities of water-bearing minerals should be transported to
greater depths, which might happen to hydrous minerals in the slabs of cold subduction
zones. This implies that these minerals must be stable within the transition zone down
to the 660-km discontinuity.

1.3 Humites as potential storage sites for water in the Earth’s mantle

Among the minerals that could transport water from the ocean slab into the
mantle, the dense hydrous magnesium silicates (DHMS) are the most likely candidates.
Most studies within the MgO-SiO2-H2O system concentrated on the so-called alphabet
phases (A, B, etc.). It was shown that the stability of hydrous phases is strongly affected
by hydrogen bonding. For example, phase transitions in phase B at high pressure have
been related to variations in hydrogen bonding (Faust and Williams 1996). On the other
hand, the strengthening of hydrogen bonds during compression of brucite, Mg(OH)2,
suggests that hydrogen stabilises certain phases in the mantle (Parise et al. 1994; Catti et
al. 1995).

The humite-group minerals (norbergite, chondrodite, humite and clinohumite) are
members of the DHMS minerals and have received considerably less attention. Unlike
most of the phases in the MgO-SiO2-H2O system, OH-bearing humite minerals have
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natural analogues that are associated with rocks of possible mantle origin. Especially,
clinohumite and chondrodite are potential storage sites for water in the upper mantle
due to their high P-T stability. Evidence includes the identification of titanoclinohumite
and titanochondrodite in mantle-derived kimberlite rocks (McGetchin et al. 1970; Aoki
et al. 1976; Dymek et al. 1988). The humite minerals exhibit a strong structural and
chemical relationship to olivine, a major constituent of the Earth’s upper mantle.
Kitamura et al. (1987) and Miller et al. (1987) found that hydroxyl (OH) can be
incorporated in olivine as monolayers of humite minerals and they suggested that such
interlayers may be a naturally occurring mechanism for water storage in the upper
mantle. Recent investigations on the mechanism of OH incorporation in the olivine
structure have also shown that point defects and humite-like planar defects are common
sites for OH (Sykes et al. 1994; Libowitzky and Beran 1995; Risold et al. 2001). These
trace amounts of water in the form of OH defects in nominally anhydrous minerals can
significantly affect rheological properties (Hirth and Kohlstedt 1996).

Because water strongly influences the dynamics of geological processes, it is
important to obtain more information on how the hydrous minerals respond to the
increased temperature and pressure associated with subduction and on the effect of
water (hydrogen) on the P-T stability. Ultimately, this could help earth scientists to
determine a water budget for the Earth and learn more about the evolution of the planet
as a whole.

Several studies have been carried out to determine the P-T stability fields of these
OH-bearing phases, for example by piston-cylinder and multi-anvil experiments.
However, only few studies on the equation of state of the humite minerals and on their
structural high-pressure behaviour have been conducted.

1.3.1 The OH ´́́́ F substitution in humite minerals

The presence of fluorine increases the thermal stability of both chondrodite and
clinohumite (Duffy and Greenwood 1977; Engi and Lindsley 1980; Weiss 1997; Stalder
and Ulmer 2001) and has a significant effect on physical properties, such as
compressibility. Most F-bearing humites occur in metamorphosed limestones and
dolomites. However, F-bearing titanian clinohumites have been found in ultramafic
rocks formed by high-pressure metamorphism (Evans and Trommsdorff 1983). Taskaev
and Ilupin (1990) also describe an F-bearing, essentially Ti-free clinohumite in a
Siberian kimberlite. The clinohumite is associated with K-richterite and garnet which
suggests pressures > 6 GPa and depths > 180 km.

1.4 Garnets as potential storage sites for water: The O4H4 ´́́́ SiO4 substitution

A very important mechanism for transporting water to depths down to the 660-km
discontinuity may reveal the incorporation of water or hydroxyl in the structure of
nominally anhydrous minerals (Bell and Rossman 1992). Their wide P-T stability range
exceeds that of most known hydrous phases. Numerous spectroscopic studies were
carried out in order to measure the OH concentration in various nominally anhydrous
minerals of mantle origin. Knowledge is especially important for minerals of major
abundance in the Earth’s mantle, such as olivine, pyroxenes and garnet, where OH
contents would largely influence the physical properties of the mantle. For example, the
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410-km discontinuity is considered to be caused by the phase transition of olivine to the
b phase. The partitioning of water between the two phases favours the b phase by a

factor of ten. This behaviour can strongly affect the region over which the
transformation occurs and hence the resulting discontinuity depending on the amount of
water (Wood 1995).

Minerals with the garnet structure are stable at high temperature and pressure,
throughout the pressure range of the Earth’s upper mantle (Akaogi and Akimoto 1977).
Hence, garnets are possible hosts for the storage of hydrogen in the Earth’s mantle
(Aines and Rossman 1984a, 1984b). This makes the study of structurally bound water
in garnets of interest. The O4H4´SiO4 substitution is an effective mechanism for

incorporating hydrogen into the crystal structure of garnet and this mechanism might
also play an important role within the mantle.

This replacement mechanism is known for anhydrous grossular, Ca3Al2(SiO4)3,
which forms a solid solution series with the fully hydrated end-member katoite,
Ca3Al2(O4H4)3. Most natural grossulars contain a small but measurable amount of
structurally bound hydrogen (Aines and Rossman 1984a, 1984b). Furthermore, the
substitution of OH groups in the grossular structure causes a significant modification in
the physical properties of the crystal. Previous studies showed that the O4H4´SiO4

substitution reduces markedly both the shear and the bulk moduli (by 40%) relative to
grossular (O’Neill et al. 1988). The lower bulk modulus of katoite relative to grossular
[66(4) vs. 168(25) GPa] was attributed primarily to the lower bulk modulus of the O4H4

tetrahedron (Olijnyk et al. 1991; Knittle et al. 1992). Katoite was the first hydrogarnet,
which was also investigated structurally at high pressures (Lager and Von Dreele 1996),
focusing on the mechanism of the hydrogen-bond geometry.

1.5 Hydrogen bonding as a function of P, T and X

There are several reasons, why it is difficult to determine the exact influence of
hydrogen bonding on the structural high-pressure behaviour, phase stability and elastic
properties of complex silicates, e.g. the DHMS (Parise et al. 1998a). First, they only
contain a few weight percent of hydrogen. Second, the high-pressure synthesis only
yields small quantities of samples, while relatively large amounts of material are needed
for neutron diffraction studies. Third, the investigation of the hydrogen bond is
complicated by the structural complexity, which often goes along with disorder, hence
limiting the experimental resolution at high pressures. Although it was possible to
obtain reasonable results for the high-pressure behaviour of (OD,F)-chondrodite in this
thesis, experiments reach their limits for these compounds. However, it is important to
know the structural details of hydrogen bonding with pressure and also its interaction
with nearest-neighbour cations, as hydrogen can introduce unexpected anisotropy not
revealed when only bulk properties are considered (Parise et al. 1998a).

Therefore, it is important to extend the general knowledge on hydrogen bonding
under pressure from a crystal-chemical point of view, which might enable the
estimation of the stability and amount of volatiles in the Earth’s mantle. One major
question to be solved is, whether hydrogen bonding is induced and strengthened,
respectively, by pressure. Such an effect could increase the stability of OH-bearing
phases within the deep Earth. Their stability limit at high temperature is the large
entropy gain associated with dehydration (Sherman 1991). This gain in entropy might
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be offset by the increase of the internal energy barrier to dehydration due to strong
hydrogen bonding. Another argument might be that enhanced hydrogen bonding could
also increase the density of the phase enough to make the work (P∆V) of dehydration
larger than the gain in entropy (Sherman 1991).

Alkaline earth hydroxides represent simple analogue compounds to the complex
hydrous silicates for experimental and theoretical investigations of their thermodynamic
properties. This is especially valid for the extraction of both chemical and pressure
effects of hydrogen bonding on the physical behaviour at high pressure, such as elastic
properties. On the molecular level, the change in the nature of the hydrogen bond is to
be investigated as a function of chemical composition, temperature and pressure,
respectively. Hydroxides are ideal materials since they are water-rich and
compositionally as well as often also structurally simple. Further, the structures of
hydroxides involve dipole-dipole forces between opposing OH ions. These forces make
each H atom to be shared by two O atoms in some hydroxides.

For these reasons, structural studies were previously performed on hydroxides
X(OH)2 with X = Mg, Ca, Mn, Fe, Co, Ni, Cd, at various pressures and temperatures.
All these compounds investigated possess a layered structure related to the CdI2

structure. The H atoms are isolated between a framework of XO6 octahedra, hence
enabling the study of both hydrogen bonding and hydrogen repulsion (Parise et al.
1998a). The comparison of resulting bulk moduli revealed a divergence between the
behaviour of hydroxides containing main-group and those containing transition
elements (Parise et al. 1998a). In this thesis the high-pressure investigations on
hydroxides were extended to the hydroxides of Sr and Ba. The earth-alkaline metals
Mg, Ca, Sr and Ba have quite similar chemical properties and therefore allow to isolate
effects of pressure and temperature on the structure (Kunz et al. 2001). The size of the
metal atom, however, increases with increasing nuclear number along the second main
group ('internal' pressure), which is also reflected by an increasing cation/anion size
ratio. This, in turn, simulates to a certain degree 'external' pressure (Ringwood and
Major 1967). Using this model, structural changes at extreme pressures can be derived
by comparing compounds of identical stoichiometry with similar chemical species but
different ionic size at moderate pressures where crystallographic investigations are still
possible. Although several studies dealt with the high-pressure behaviour of Mg(OH)2,
the existence of a phase transition induced by changes in the hydrogen bond geometry is
still uncertain. Studies on isostructural Ca(OH)2 revealed a high-pressure phase
transition to Ca(OH)2-II, which exhibits a topology quite similar to the one of Sr(OH)2.
Thus, this confirms the need to investigate the structural response of Sr(OH)2 and
Ba(OH)2 to high pressure.
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2. Theoretical background

2.1 Equations of state (EOS) (Poirier 1991)

As mentioned above, average densities and further elastic moduli at the various
depths, and hence pressures of the Earth’s interior can be derived from the measurement
of seismic travel times. These are then compared with the elastic moduli of mineral
assemblages, in order to build mineralogical models of the composition of the interior
of the Earth. Therefore, it is necessary to know the EOS for the minerals, which are
suggested to occur in the various regions.

The EOS links the physical properties of a system, which are not all independent.
Therefore, part of the properties, such as pressure P, temperature T and specific volume
V, have to be specified in order to define the thermodynamic state of a system. The most
famous EOS is the one that describes an ideal gas:

PV = nRT   (n = number of moles; R = gas constant)

T was not varied simultaneously to P in the thesis’ experiments. The effect of T is also
much less for solids than for gases. The simplest isothermal EOS for solids is given by
the definition of the bulk modulus K, which describes the inverse volume-dependence
on pressure:

K V
dP

dV T

= - Ê
ËÁ

ˆ
¯̃ (1)

Linear elasticity, and hence a constant bulk modulus, can be only considered as
long as infinitesimal strains result from the application of hydrostatic pressure on the
solid. When integrating with K = K0, which means the tangent of the P-V curve through
the zero point, the EOS is obtained:
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P
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ˆ
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0
0

This simple EOS is only correct for low pressures, as it does not consider the increase
of the bulk modulus with pressure.

2.1.1 Murnaghan integrated linear EOS

In 1967 Murnaghan developed an EOS that considers a linear dependence of the
bulk modulus with pressure. A parameter is introduced that describes the change of K
with P:

¢ = Ê
ËÁ

ˆ
¯̃K

dK

dP T

K
d V

dP

dP

d V

d M

dP

d

dP

dP

d
= -Ê

ËÁ
ˆ
¯̃ = - = - Ê

ËÁ
ˆ
¯̃ - Ê

ËÁ
ˆ
¯̃

Ê

ËÁ
ˆ

¯̃
=

- - -
ln

ln
ln ln

ln

1 1 1r
r



7

K´ is now the pressure-derivative of the bulk modulus and describes the curvature of the
P-V curve. K´ is most often a value between 2 and 8 and set to 4 if it cannot be
determined accurately.

A simple formalism is derived when expanding K to first order in P:

K ≈ K0 + K´P (2)

If (2) is inserted into (1) and integrated, the Murnaghan integrated linear EOS is
obtained:

V

V

K P

K

K

0 0

1

1= + ¢Ê
ËÁ

ˆ
¯̃

-
¢

Ê
ËÁ

ˆ
¯̃

2.1.2 Birch-Murnaghan EOS

Since the displacement of a solid under hydrostatic conditions is not uniform, the
solid undergoes a strain. The notion of strain can be defined for finite-strain conditions
with the Eulerian scheme, in which every quantity is expressed in terms of coordinates
of the points in the strained solid.

If considering the properties of solids, as elasticity, following is obtained:

V

V0

3

21 2= -( )
Ê
ËÁ

ˆ
¯̃e e = dilatation

As e is negative for positive pressures, the 'compression' f is introduced:

f = -e

f
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In a next step the free energy F is expanded in powers of f. If the energy of the
unstrained state is considered to be zero and taking into account that the elastic strain
energy is quadratic for infinitesimal strains, gives:

F = af 2 + bf 3 + ….

P
dF

dV
= -Ê

ËÁ
ˆ
¯̃

An expansion of F to second order results in the second-order Birch-Murnaghan
EOS, to third order in the third-order Birch-Murnaghan EOS. Finite strain theory gives
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a numerical value of K´ = 4 for the infinitesimal case f Æ 0. Many close-packed

minerals show experimental values of K´ close to 4.

The third-order Birch-Murnaghan EOS (3BM EOS)

If K´ = 4, the second-order BM EOS is obtained.

2.2 Methods for structure refinement

2.2.1 The method of least squares (Massa 2000)

The method of least squares is used in order to adjust a reasonable good crystal-
structural starting model to the experimental data. If the starting model is not close
enough to the correct model, the non-linear least-squares procedure will not lead to the
global minimum. Rather, the procedure will either diverge or lead to a false minimum if
the starting point is within its domain. The values of the parameters are optimised such
that the difference between the observed data and the calculated model is minimised
having subsequent feedback after each parameter change. This is achieved for single-
crystal data by an approximation of the observed and calculated values of either the
structure factors (Fo and Fc) or the corrected intensities (F2) for each reflection:

w w F F

w w F F

hkl
o c

hkl

hkl
o c

hkl

D

D

1
2 2

2
2 2 2 2

Â Â

Â Â

= -( ) =

¢ = ¢ -( ) =

min.

min.
            w = weights

In order to minimise the sum of the squares of the differences it is necessary to
calculate the partial derivatives of each structure factor with respect to each of the
structural parameters pi.
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The dependence of Fc on the parameters pi is not linearly, which makes a
reasonable starting value Fc(0) necessary, as mentioned above. Small adjustments are
then applied to the parameters:
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Applying the minimalisation relationship of equation (1) to the Fc values of equation
(2), gives after a rearrangement of the resulting formula:
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This is in matrix form: A∆p = v.

Multiplication with the inverse matrix of A, A-1 (with elements bij) then gives:
A A p A v

p A v
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This allows the calculation of parameter shifts in order to improve the model. The
order of the square matrices corresponds to the number of parameters to be refined. The
standard deviations of these parameters are given by the diagonal elements bii of the
inverse matrix A-1:

s ( )p
b w

m ni

ii=
( )

-
Â D2

       m = number of reflections; n = number of refined parameters

The calculations are repeated in several cycles until the parameter shifts ∆pi are
small (ideally less than 1%) relative to their standard deviations. Then the refinement is
said to have converged.

2.2.2 The Rietveld method (Young 1993)

The Rietveld method is used for the refinement of crystal structures and the
extraction of crystal-structural information from powder diffraction data. While single-
crystal diffraction data allow a least-squares refinement against individual structure
factors for each reflection, the Rietveld refinement is made against the entire profile,
which results from data collected in small steps of the scattering angle. Hence, all the
reflections contributing to each step are considered in the refinement, which aims at the
best fit between the whole observed and the entire calculated powder diffraction pattern.
Various parameters can be refined and modelled simultaneously, such as models for the
crystal structures of multiple phases, diffraction optics effects and instrumental factors.
During refinement feedback is given on the improving knowledge of the structure and
the improving allocation of observed intensity to partially overlapping Bragg
reflections.

The refinable parameters are adjusted until the residual is minimised. Several R-
values are in use as criteria for the fit. Rwp is mathematically the most meaningful of
these and also reflects the progress of the refinement best, as the numerator is the
residual being minimised. From a crystallographic point of view, RF is the most
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significant information as to the match between model and observation. Another useful
criterion is the 'goodness of fit'.
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IK is the intensity assigned to the Kth Bragg reflection at the end of the refinement cycles.
The IK values are obtained from programmatic allocation of the total observed intensity
of overlapping reflections to the individual reflections. This is done according to the
ratios of those reflection intensities in the calculated pattern. The yI values are the
observed intensities at the single points (steps) of the pattern.
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3. Experimental methods

3.1 High-pressure cells

The experimental techniques for the generation of high pressures and the
combination with high temperature have been largely developed in the recent years.
Hydrothermal bombs, piston-cylinder and multi-anvil apparatuses were optimised for
combined generation of hydrostatic high pressure and temperature conditions. They are
mainly used for quench experiments, although the multi-anvil design also leaves
restricted access for radiation enabling in situ energy-dispersive synchrotron
experiments. The highest pressures can be obtained by shock-wave techniques (several
hundred MPa). However, they rather represent dynamic equilibrium conditions. The
diamond-anvil cell technique is most important for in situ X-ray diffraction or
spectroscopic studies under extreme, but quasi-hydrostatic, conditions. The use of
neutron radiation implies a different design as developed with the Paris-Edinburgh
large-volume press.

3.1.1 The principle of the diamond-anvil cell (DAC) (Miletich et al. 2000)

The principle of the pressure generation of a diamond-anvil cell (Fig. 3.1.1)
consists of two opposed diamond anvils in a modified brilliant cut, which point towards
one another with their small parallel faces (= culets). A hardened metal foil (= gasket),
with a hole through its centre, is placed between the anvils. The hole serves as pressure
chamber and contains the sample, a pressure calibrant, and the pressure-transmitting

Figure 3.1.2
(a)

(b)

Figure 3.1.1. Principle of the pressure
generation of the diamond-anvil cell.

Figure 3.1.2. (a) This is a schematic cross
section through an assembled ETH-DAC.
Upper platen (UP), rocking hemisphere (RH),
beryllium seat (BE), spring leaf (SL), Y-Z-
translation stage (YZ) and lower platen (LP).
(b) The spring-leaf bajonet joint.
(from R. Miletich)

Figure 3.1.1
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medium, which fills the remaining free volume and maintains hydrostatic pressure onto
the sample in ideal cases. By applying a force to the diamonds, the gasket extrudes
around the diamond culets, the pressure chamber seals and the pressure increases. An
exact parallel alignment of the diamond culets is important for their stability up to very
high pressures.

The diamond anvils are supported by beryllium backing plates, which are further
supported by steel parts (Fig. 3.1.2.a). Beryllium is used, as it is strong enough to
transmit the force and also allows access for X-ray radiation due to its low absorption in
this wavelength range. The beryllium plates have a central cone-formed hole, which
allows the optical access to the pressure chamber. The steel parts, and hence the
beryllium plates and the diamonds, are forced together by controlled tightening of
screws, simply by means of Allen keys. The number of screws varies from 2 to 4 in the
various DAC designs. It is recommended to use pairs of oppositely threaded screws, as
their simultaneous manipulation eliminates torque on the cell and thus increases the
stability of pressure generation.

3.1.1.1 The Diacell DXR diamond-anvil cell

The Diacell (Fig. 3.1.3) is a piston-cylinder type diamond-anvil cell and is
commonly used for X-ray diffraction and optical studies. One of the diamonds is
fastened to the base of the piston, while the opposing one is placed within the cell body,
which forms the cylinder. The piston fits tightly in the cylinder, which enables a parallel
guidance. It is advanced down using a steel plate and two oppositely-threaded bolts.
The parallel alignment of the diamonds is achieved by a ball and socket mechanism
(alignment hemisphere) in the piston and a horizontal adjustment of the beryllium
backing disc within the cell body using four set-screws.

3.1.1.2 The ETH diamond-anvil cell

The ETH cell (Fig. 3.1.2.a and 3.1.4) is composed of two steel platens, which are
drawn together by two pairs of oppositely-threaded bolts. Four guide pins ensure the
parallel guidance of the platens. A parallel alignment of the diamond anvils is obtained
by the same mechanisms as used for the DXR cell, a horizontal translation stage and a
ball and socket arrangement. This cell can be equipped with different replaceable
modules, which were optimised for room-temperature, high-temperature, spectroscopic

(a)

(c) (b)

(d)
Figure 3.1.3. The DXR Diacell. (a)
the cell body, (b) the piston from top,
(c) the piston from bottom, (d) the
steel plate for pressure generation.
Figure 3.1.4. The ETH-DAC.

Figure 3.1.3

Figure 3.1.4
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or powder-diffraction applications each. The standard module of the ETH-DAC was
used for the thesis’ experiments. Another useful feature is the flexible spring leaf, which
holds the diamond anvil in place via a bayonet joint (Fig. 3.1.2.b). This is used instead
of simple glue, which has the disadvantage of being successively destroyed by
radiation, fluid and cleaning. The spring leaves also fasten the beryllium backing plates
without a need of screws, an advantage in extreme conditions as during cryogenic
loading. A special mounting bracket for standard goniometer heads was additionally
constructed for this cell. It allows a reproduceable repositioning of the DAC on the
diffractometer after pressure changes.

3.1.2 The opposed-anvil system (Paris-Edinburgh cell)

The large-volume Paris-Edinburgh cell (Besson et al. 1992; Fig. 3.1.5) also
consists of an opposed-anvil system, which operates with a gasketing system. The
maximum attainable pressure is limited by the flow of the deformable gaskets in the
various geometries. This cell type was most consequently optimised, and hence is the
state-of-the-art model for in situ high-pressure neutron diffraction. It is also employed
for X-ray diffraction experiments.

The sample is contained within gaskets, which are transparent or only weak-
absorbing for the used radiation (e.g. TiZr for neutron radiation), and is compressed
between supported WC anvils. Toroidal anvils, as a further development of Bridgman
anvils, offer additional lateral support through some kind of cylindrical arrangement,
provided by a suitable toroidal gasket assembly. The sample space is hollowed out to
provide a large experimental volume.

The cell is mainly used for powder samples of some 100 mm3 in volume up to and
above 10 GPa. The necessary thrust is generated by hydraulic presses. If toroidal
sintered-diamond anvils as developed by the Los Alamos neutron group are used,
maximum pressures and temperatures of up to 50 GPa and 3000 K can be attained for in
situ neutron studies.

Figure 3.1.5. The Paris-Edinburgh cell.
(http://www.isis.rl.ac.uk/crystallography/HiPrPEARL.htm:Figure 2)
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3.2 DAC loading (Miletich et al. 2000)

3.2.1 Alignment of the diamonds

Before the sample is loaded and pressure is applied, the diamond anvils have to be
centred above the cone hole in the beryllium backing plate. Then their culet faces have
to be aligned exactly parallel. First, the particle-free culet faces are brought close
together for the lateral (axial) adjustment using an X-Y translation stage. Secondly, they
are brought in touch gently for the alignment of the tilt using the mechanism of a
rocking hemisphere, which is held in place and rotated by four screws. The parallelism
is checked by a view through the anvils using a (stereo)microscope and hence by the
observation of interference colours and fringes, which arise from an air wedge between
nonparallel culet faces. Alignment should produce a homogeneous grey of first order.

3.2.2 Gasket preparation

The maximal attainable pressure with the DAC is strongly depending on the
choice of gasket material and the gasket-hole dimensions, which also determine whether
the incident or diffracted beam is shadowed. Usually, a 200 – 250 µm thick metal foil is
pre-indented between the anvils to the required thickness. For our purposes the gasket
was pre-indented to 80 – 100 µm for single-crystal measurements and to less (65 – 70
µm) for powdered samples. A hole is then drilled through the centre of the pre-indented
area by the use of a BETSA electroerosion drilling machine. The diameter of the drill is
chosen according to the culet size, the size or amount of the sample, and the demanded
pressure range. Generally, we chose a diameter of 200 – 250 µm for single-crystal
samples and of about 150 µm for powder samples. The smaller the pressure chamber is
chosen, the higher is the ultimate pressure at which the gasket will fail. Commonly used
gasket materials are hardened stainless-steel (1.4310 = 'T301'), tungsten, rhenium or
inconel (an alloy with Ni:Cr:Fe = 72:16:8). The disadvantage of inconel was its failure
at about 6 – 7 GPa. Hence we changed to T301 steel, which worked satisfactory up to
about 10 GPa or more for single-crystal work. Tungsten gaskets, which are highly
absorbing for X-ray radiation (especially at 0.8 Å), were used in order to reduce the
gasket diffraction within powder patterns and other artefacts from the pressure-cell
components of a large and intense beam. Rhenium is usually used for combined high-
temperature and high-pressure experiments.

3.2.3 Pressure-transmitting media

The free volume within the pressure chamber is filled with a medium, which
maintains nearly hydrostatic pressure transmission onto the sample when the pressure
chamber shrinks and the pressure increases. Only if the sample is very soft, such as for
pure metals, e.g. Fe, no pressure-transmitting media are used in ultrahigh-pressure
experiments. In some cases solid soft media, such as NaCl or MgO, are used as
pressure-transmitting powders. Even with powdered samples the conditions become
non-hydrostatic at relatively low pressures. The effects of increasing shear strengths
between grain boundaries are experimentally expressed by an enormous broadening of
the diffraction peaks. This problem is partly reduced by relaxation of non-hydrostatic
stresses with time or at elevated temperatures.
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Especially for single-crystal samples it is common to use liquid pressure media,
such as the 4:1 methanol:ethanol alcohol mixture. This approved liquid remains at least
quasi-hydrostatic up to its glass transition at 10.4 GPa. It is easy to handle and was used
for most of our experiments. The single crystals and the ruby ball are first mounted on
the culet face of the second diamond anvil, opposed to the pressure chamber, by the use
of 'vaseline'. The appropriate alcohol mixture is then dropped in the pressure chamber
within the gasket by the use of a syringe. After removing air bubbles, the second
diamond anvil is assembled and the pressure chamber is sealed by pressing the diamond
anvils together before the fluid had a chance to evaporate from the pressure chamber.
Powdered samples have to be loaded within the pressure chamber first, which is more
difficult. The hydroxides investigated could not be loaded with the common alcohol
mixture due to their high reactivity with water, which is always present to a certain
extent in alcohol. Therefore, liquid argon was used as pressure-transmitting medium.
Although argon solidifies at a pressure of 1.2 GPa, quasi-hydrostatic conditions remain
up to about 9 GPa due to its extremely high compressibility and low shear strength.

3.2.3.1 Cryogenic loading of liquid argon

Inert gases (Ar, N2) are loaded in their liquid state. The two-stage cryogenic-
loading system (Fig. 3.2) consists of an inner metal vessel (brass or better aluminium)
and an outer bath of liquid nitrogen. The diamond-anvil cell is first filled with the
sample and the pressure calibrant. It is not sealed, but a small slit is kept between the
two diamond anvils, which shall provide access for argon to fill the pressure chamber.
Then the DAC is placed in the inner vessel, which is flooded with gaseous argon and
sealed with a plastic lid and an O-ring by fastening with screws. The argon stream is
kept at an overpressure of ~0.5–1 bar. The whole vessel with the DAC is cooled down
with the liquid nitrogen (boiling point 77 K) below the boiling point of argon (87 K).
Therefore, argon starts to condense and successively floods the vessel until the DAC is
completely drowned, filling the pressure chamber of the cell with liquid argon. Then the
lid is removed, and the pressure chamber is sealed by applying an appropriate load to
the diamond anvils. This mechanism of cryogenic loading was developed to prevent the
high risk of gas bubbles and the flushing out of the sample when the fluid floods the
pressure chamber.

Figure 3.2. Experimental setup for the cryogenic loading procedure.

A major problem is that the beryllium backing plates become brittle at low
temperature and show a high tendency to break. The new spring-leaf bajonet-joint
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system of the ETH-DAC has the important feature that the beryllium backing plates as
well as the diamond anvils are fastened only by metal spring leaves. In most of the other
cells the beryllium backing plates are clamped between the steel components with
screws and they break on cooling. Using spring leaves prevents the beryllium plates
from mechanical stress, which may arise from the different thermal expansions of the
used materials, and thus from destruction when pressure is applied at low temperature.

3.3 Pressure calibration (Miletich et al. 2000)

The determination of pressure is a quite critical point for the success and
reliability of a high-pressure experiment. It is common to use secondary standard
materials, of which the physical properties and their characteristic relative changes are
well known and hence used for pressure determination. Two common methods are
distinguished for diffraction studies in diamond-anvil cells: The laser-induced
fluorescence technique, applied to luminescence sensors, and the use of an internal
diffraction standard.

3.3.1 The laser-induced fluorescence technique

This method uses the correlation of the spectral shifts of bands in the fluorescence
spectra with applied pressure as the basis for pressure determination with various sensor
materials. A fluorescence calibration system mainly consists of a laser-light source, an
optical system, and a spectrometer. An established fluorescent material is ruby, which
shows a characteristic sharp and intense doublet centred at 14402 cm-1 (= R1 line at
694.2 nm) and at 14432 cm-1 (= R2 line at 692.8 nm) under blue-green excitation by an
Argon-ion laser (488.0 and 514.5 nm lines). It corresponds to the 2E Æ 4A2 electronic

transition of Cr3+ in a distorted octahedral crystal field. The laser radiation is focused on

Figure 3.3.
The ruby system.
(from R.Miletich)
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the fluorescent crystal in the pressure chamber of the diamond-anvil cell by the optical
system, and the fluorescence radiation is transmitted towards a spectrometer for the
spectral analysis of the fluorescence signal. A dichroic mirror serves as a beam splitter
and separates the emitted fluorescent light from the incoming laser light. A long
working-length microscope objective ensures the focus (Fig. 3.3).

The ruby doublet shifts to lower wavenumbers when pressure is applied. The
pressure-dependence of this shift is well studied and can be used for calibration. The
disadvantages of this method are the strong temperature dependence of the shift and the
'off-line' use, which leads to differences in temperature conditions and hence in pressure
determination. The advantages are first the small size of the luminescent crystal (a few
µm). Hence, only an infinitely small part of the available volume within the pressure
chamber is occupied, and hardly any diffracted intensity from the ruby crystal can be
measured. Secondly, the pressure can be determined accurately (0.01 GPa or better) and
rapidly by relative simple means while changing pressure.

3.3.2 Internal diffraction standards

The unit-cell volumes of an internal diffraction standard with a well-known EOS
are measured quasi-simultaneously to the sample and are then converted to pressures by
the EOS. This method offers a very accurate pressure determination and is preferably
used for high-precision EOS measurements. The single-crystal high-pressure
measurements of this study were all carried out with quartz as internal pressure standard
using an oriented (100) crystal plate. Hence, equal access to reflections both in a* and
c* reciprocal directions is enabled. The EOS parameters of quartz have been determined
at high precision by Angel et al. (1997). The disadvantages of this method are possible
overlap of sample and calibrant reflections, problems in the identification of orientation
matrices, and the required larger volume of the standard within the pressure chamber.

3.4 Radiation sources

3.4.1 Laboratory X-ray radiation

X-ray radiation is produced when accelerated electrons hit a target, a metal such
as Mo or Cu. The electrons emit from a cathode and are focussed and accelerated
towards the anode by a voltage of up to about 60 kV. Only a small part of the kinetic
energy of the electrons is converted to X-ray radiation.

3.4.2 Synchrotron radiation (ESRF) (Coppens 1992; Raoux 1993)

Synchrotron radiation is the electromagnetic field, which is radiated by relativistic
accelerated charged particles. High acceleration is gained by the use of particles with
small rest masses (electrons or positrons). Most synchrotron storage rings contain
electron beams. Positron currents are sometimes used, as they produce fewer collisions
with ions, and thus give longer lifetimes of the stored beam. A static magnetic field of
several kilogauss is applied normal to the particle trajectory. The charged particle is,
according to the Lorentz force, transversally accelerated by the magnetic field, which
results in high emission of radiation. The spectral distribution of synchrotron radiation
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extends from the infrared to the X-ray region. Strong magnetic fields are produced by
superconducting (electric) coils up to a few Teslas or by permanent magnet arrays. The
electrons travel around the storage ring in discrete 'bunches'. Hence, the energy lost by
radiation can be replenished by a radiofrequency voltage field, which is synchronised
such that each bunch is accelerated by the electric field.

The advantages of synchrotron radiation are the extremely high intensity if
compared to that from laboratory X-ray sources, the narrow angular collimation, and the
high degree of polarisation. A very broad continuous spectral range is available and
tunable with appropriate monochromatising devices. Moreover, the regularly pulsed
time structure enables the delivery of the radiation as a series of short pulses of less than
nanosecond length.

3.4.3 Neutron radiation (Scherm and Fåk 1993)

3.4.3.1 Neutron production

Neutrons are produced in nuclear reactions, such as spallation, fission or fusion.
Strong neutron sources can only be based on fission or spallation (Fig. 3.4).

Figure 3.4. Neutron production; n (neutron), p (proton). Spallation: The proton chops
pieces off a nucleus, which results in the ejection of all sort of particles (not defined
small white spheres).

Isotope reactors (ILL, ORNL)

In the fission reaction, a thermal neutron is absorbed by an 235U nucleus. The
nucleus becomes highly excited and splits into a few fission fragments (medium-heavy
elements) and 2–5 fast neutrons. Of an average of 2.5 neutrons, 1.5 neutrons are needed
to keep the chain reaction going. Only one usable neutron per fission reaction leaves the
fuel with a kinetic energy of ~2 MeV. Additional 200 MeV heat needs to be cooled
away in the process. The limiting factor for a reactor, which serves as a neutron source
and which is optimised for luminosity (neutrons per area, time, and solid angle) is the
power density rather than sheer reactor power.

Spallation sources (ISIS)

In the spallation reaction, a high-energy proton, with a kinetic energy of typically
1 GeV, chops pieces off a heavy-target nucleus. This results in the ejection of all sort of
particles, like protons, pions, muons, and neutrinos, and also of about 20 neutrons per
incident proton. The energies of most neutrons are similar to the fission spectrum and
are centred around a few MeV, as the neutrons are released by evaporation. Nearly
whole of the proton energy up to many 100 MeV, however, can be carried by a few

n
n

n
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neutrons. The spallation sources differ in two major points from a reactor. First, the
spallation target is more concentrated than a reactor core, thus yielding a higher flux.
Secondly, the spallation source is normally pulsed (typically with 50 Hz), which results
in a peak flux (flux during the pulse) equivalent to a high-flux reactor. Therefore, the
design of the neutron-scattering instruments differs to those at a reactor in general.

Neutron types

Neutrons emerging from fission or spallation reactions are slowed down in a
moderator at low (high) temperatures. There they are brought into thermal equilibrium
through inelastic collisions with light atoms, like H, D, or Be. Such a moderator is
called a cold (hot) source, and greatly enhances the neutron flux at low (high) energies.
A typical cold source is a bucket filled with liquid H2 or D2 at about 20 K. A hot source
is a graphite block kept at 2000 K. Low-energy or cold neutrons (E ≤ 10 meV) are
distinguished from thermal (E ~ 25 meV), hot (E ≥ 100 meV), or epithermal (E > 0.6
eV) neutrons. Thermal neutrons are used for most neutron-scattering studies of
condensed matter. First, their energy corresponds to typical excitation energies in many
solids and liquids. Secondly, their wavelength is comparable to the interatomic spacing
in condensed matter, which leads to interference patterns that enable structure
determination.

3.4.3.2 Basic principles of neutron scattering

The absence of any long-range interactions, like the Coloumb interaction, implies
that the penetration depth of neutrons in most materials is long (cm). In contrast to X-
rays, which interact with the electronic cloud of atoms, neutrons strongly interact with
the nuclei and, therefore, are sensitive to the positions of nuclei. The neutron’s spin of
1/2 implies that the nuclear scattering is spin dependent and thus ideally suited to
investigate nuclear spin order at very low temperatures. There also exists a magnetic
dipole interaction with the unpaired electrons. The magnetic moment of the neutrons
couples to the magnetic moment of free or unpaired electrons, thus giving an image of
magnetic structures, as well as probing magnetic excitations.

The strength of nuclear scattering varies in a non-systematic way from one isotope
to another. This gives the opportunity to vary the contrast by isotopic substitution, as is
very popular for hydrogen-bearing materials. Hydrogen and deuterium have very
different scattering lengths, which results in a dramatic effect on substitution. As the
accurate extraction of hydrogen from X-ray diffraction data is not always possible, the
positions of hydrogen atoms within the crystal structure can be obtained by a
combination of X-ray and neutron scattering. In the case of large single crystals it is
even not necessary to replace hydrogen by deuterium, as the hydrogen atom shows a
negative scattering length with neutrons, and therefore can be distinguished easier. This
is not valid for neutron powder diffraction, as the background increases too much by the
incoherent diffuse scattering of the hydrogen.

3.4.3.3 Neutron time-of-flight (TOF) diffraction

The time-of-flight technique is preferably used for the study of powders in
confined environments such as high-pressure cells. A pulsed neutron beam is used.
Spallation sources offer optimal use, because the pulse duration and pulse repetition rate
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can be matched to the experimental requirements. The time of flight is measured as the
elapsed time from the emergence of the neutron pulse at the moderator through to its
scattering by the sample and to its subsequent detection. Many Bragg peaks, each
separated by time of flight, can be observed at a single fixed scattering angle, since
there is a wide range of wavelengths available in the incident beam. Due to the finite
rest mass of neutrons, their travel velocity is dependent on their energy (wavelength).
With pulsed neutron sources, a large source aperture can be used, as no chopper is
required of the type used at reactor sources. Hence, long flight paths can be employed,
which also leads to high resolution.
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4. Syntheses and results

Part of the investigated material was neither commercially available, nor does it
occur as a mineral. Though, it was necessary to synthesise Ba(OH)2 and Ba(OD)2, as
well as the chondrodite and clinohumite hydroxyl end-members and deuterated F-
bearing chondrodite in a high quality. Deuterated and non-deuterated barium hydroxide
was needed for the investigations at low temperature and high pressure, respectively, as
described in chapter 9. Synthesised hydroxylchondrodite and hydroxylclinohumite
should serve as complementary materials to naturally occurring chondrodite and
clinohumites. They should enable the investigation of the effect of chemical
composition, such as the F´OH substitution mechanism, on the structural response on

pressure. A deuterated equivalent to a natural F-bearing chondrodite sample was
synthesised for high-pressure powder neutron diffraction studies (chapter 8.5).

4.1 Synthesis of Ba(OD)2 and Ba(OH)2

Ba- and Sr(OH)2 show a very different behaviour compared to the more common
Mg- and Ca(OH)2. With the higher nuclear number the tendency to form hydrates
increases strongly. Sr- and Ba(OH)2 immediately react with even smallest amounts of
water and form mono-, tri- and octahydrates [X(OH)2 · 8(H2O), X = Ba, Sr]. At longer
storage the hydroxides and their hydrates also react with CO2 and modify to the
carbonates [XCO3, X = Ba, Sr]. The same is valid for their oxides. Therefore, the
experiments were carried out under an inert atmosphere.

Figure 4.1. Experimental set-up for the synthesis of Ba(OD)2.

A deuterated sample of barium hydroxide was needed for the neutron
measurements. Pure powder of the low-temperature b-modification of deuterated

barium hydroxide, b-Ba(OD)2, was synthesised using BaO and D2O as starting

materials. The preparations were done within a glove bag, which was flooded with
nitrogen under a slow stream to maintain overpressure (Fig. 4.1.a). D2O was heated up
to ~373 K in order to increase the solubility of BaO, which was added up to saturation.
Then the solution was filtered to remove small amounts of barium carbonate, and was
put in a desiccator. Small crystals of deuterated barium hydroxide octahydrate, Ba(OD)2

(a) (b)
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◊ 8D2O, were grown by slow cooling of the hot solution, as the solubility decreased, and

the solution was decanted. The crystallised material was filled in a corundum crucible
and placed in a quartz-glass tube under a nitrogen atmosphere. Then the sample was
dried by slow evacuation and finally heated to 373 K in an oven for dehydration (Fig.
4.1.b). The tube was evacuated from the dehydrated water and heated in several cycles
until a pure powder of b-Ba(OD)2 was obtained.

For the synthesis of b-Ba(OH)2, commercially available Ba(OH)2 ◊ 8H2O was used

as starting material and dehydration was performed in the same way as described above.
The a-modification of barium hydroxide, a-Ba(OH)2, was gained by heating a

sample of the b phase up to 573 K and quenching to room temperature.

 Several attempts failed in the beginning and resulted in hydration products or a
mixture of the low-temperature b and the high-temperature a modification of Ba(OH)2.

Although the b-to-a phase transition is reported to occur at 526 K (Cordfunke et al.

1996), the transition temperature seems to be lowered during synthesis down to less
than 423 K. At temperatures between 373 and 383 K only a pure b phase was obtained.

This could be an artefact of the water contents in the glass tube during dehydration and
heating or of heating after evacuation.

The quality of the synthesis products was checked for purity by capillary X-ray
powder diffraction measurements on a Stoe STADIP high-resolution powder
diffractometer. Data collection took very long due to the high absorption of CuKa
radiation by barium. The collected data were compared with existing powder diffraction
patterns of b-Ba(OH)2 (JCPDS no. 44-0585) and a-Ba(OH)2 (JCPDS no. 22-1054), as

well as with calculated ones, in order to be sure to obtain a one-phase sample.

4.2 Syntheses of chondrodites and clinohumites

Syntheses were carried out by Peter Ulmer using an end-loaded piston cylinder
apparatus or a Walker-type multi-anvil press. In all experiments excess D2O or H2O,
respectively, was added to the oxide (– fluoride) mix when placed and sealed in gold
capsules. Piston cylinder assemblies consisted of NaCl-Pyrex-MgO and were calibrated
with the following reactions/phase transitions: fayalite + quartz = orthoferrosilite at 1.41
GPa and 1273 K (Bohlen et al. 1980) and quartz = coesite at 3.2 GPa and 1473 K (Bose
and Ganguly 1995). Runs were terminated by near isobaric quench with quench rates
between 200–400 K/s. MgO-octahedra assemblies (19 mm) and WC anvils with 12 mm
truncation-edge lengths were used in the multi-anvil experiments.

The recovered charges were weighed and pierced; the presence of fluid was
confirmed by strong 'bubbling' upon piercing and weight loss during subsequent
heating. Run products were checked by X-ray powder diffraction and Raman
microspetroscopy.
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4.2.1 Powder samples of (OD,F)-chondrodite

Polycrystalline samples of deuterated F-bearing chondrodite (total of 500 mg)
were synthesised in five experimental runs (68–108 h) using capsules of 4.0 mm outer
diameter in a piston-cylinder apparatus with piston diameters of 14 mm (1273 K, 2.0
GPa). The starting materials, reagent grade MgO and SiO2, were fired at 1373 K and
MgF2 was dried at 673 K. The oxide-fluoride mixtures were prepared similar to the
procedure described by Duffy and Greenwood (1979). The amount of MgF2 was
adjusted to 1.16 F p.f.u. in order to produce synthetic samples with the same F content
as the natural chondrodite (chapter 5), i.e., XF = 0.58 where XF = F/(F+OD). Following
Duffy and Greenwood (1979) it was assumed (and later checked) that the F enters
quantitatively the chondrodite lattice and that the coexisting fluid is essentially D2O
with minor MgO and SiO2 in solution.

Some run products contained minor amounts of (OD,F)-humite
Mg7(SiO4)3(OD,F)2 in addition to (OD,F)-chondrodite Mg5(SiO4)2(OD,F)2. A detailed
description of the individual samples and run conditions is given in Table 4.1. The F-
contents of the (OD,F)-chondrodites were determined from the d-spacing of the 112
reflection in the powder diffraction patterns (Duffy and Greenwood 1979) and were
within 1 esd of the targeted value of 1.16 F p.f.u.

Table 4.1. Run conditions and results of (OD,F)-chondrodite synthesis experiments at
1273 K and 2.0 GPa
Run #  Starting material Time (h) Product phases XF* Sample (mg)

PU833 F-chon mix + 5.7 % D2O 98.5 Chon & Hum 1.20 ±0.05 86.4

PU834 F-chon mix + 4.8 % D2O 107.7 Chon & Hum 1.14 ±0.05 106.0

PU835 F-chon mix + 5.3 % D2O 102.3 Chon 1.20 ±0.05 103.4

PU849 F-chon mix + 5.1% D2O 72.0 Chon & Hum 1.13 ±0.05 124.3

PU850 F-chon mix + 5.2% D2O 68.0 Chon 1.11 ±0.05 114.1

Note: Chon = chondrodite; Hum = humite
* The F-content was determined from the d-spacing of the 112 reflection.

4.2.2 Powder samples and single crystals of OD-chondrodite

Powder samples of pure deuterated hydroxylchondrodite (300 mg) were
synthesised in a similar way in an end-loaded piston cylinder apparatus (1123 K, 3.6
GPa) and a Walker-type multi-anvil press (1173 K, 5.0 GPa) in five experimental runs
(24–96 h) (Lager et al. 2001). A 5MgO ◊ 2SiO2 gel was prepared from stoichiometric

amounts of magnesium nitrate-tetrahydrate and tetraethyloxysilane following the
method described by Hamilton and Henderson (1968). 12–14 wt% excess D2O was
added to the gel and sealed in capsules with outer diameters of 3.0 and 4.0 mm. A few
single crystals with a maximum size of 120 x 60 x 50 µm were obtained from these
samples for X-ray diffraction experiments. Run products also contained minor amounts
of brucite Mg(OD)2. A detailed description of the individual samples and run conditions
producing single crystals is given in Table 4.2.
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4.2.3 Single crystals of OH-clinohumite

A large number of high-quality single crystals of hydroxylclinohumite (20 mg),
suitable for X-ray diffraction experiments, were synthesised in a Walker-type multi-
anvil press using capsules of 2.3 mm diameter (1173 K, 6.0 GPa, 50.4 h). Run products
also contained forsterite as an additional phase (Table 4.2).

Table 4.2. Run conditions and results of OD-chondrodite and OH-clinohumite single-
crystal synthesis experiments at 1173 K
Run #  P (GPa)  Starting material Product phases Time (h)
PU767 5.0 5MgO◊2SiO2 gel + D2O OD-Chon + Mg(OD)2 25.6

PU768 5.0 5MgO◊2SiO2 gel + D2O OD-Chon + Mg(OD)2 50.3

PU772 5.0 5MgO◊2SiO2 gel + D2O OD-Chon + Mg(OD)2 56.0

PU773 5.0 5MgO◊2SiO2 gel + D2O OD-Chon + Mg(OD)2 56.7

PU806 6.0 MgO + SiO2 + 4% H2O OH-Clin + Forsterite 50.4
Note: Chon = chondrodite; Clin = clinohumite
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5. Natural samples

The following minerals were available in sufficient quality for diffraction
experiments and hence needed not to be synthesised. Furthermore, the natural
clinohumite and chondrodite single crystals were large enough for the collection of
single-crystal neutron diffraction data, while the synthesis of these materials always
yields only small crystals in the µm range.

Henritermierite

Crystals of the Mn3+ silicate-hydrogarnet henritermierite [(Ca2.98Na0.01Mn0.01)
VIII

(Mn1.95Fe0.01Al0.04)
VI(SiO4)2.07(H4O4)0.93] from the N’Chwaning II mine at the Kalahari

manganese fields, Republic of South Africa, were obtained from Jens Gutzmer. They
are only slightly transparent, orange-brown crystals. The Kalahari manganese fields are
sedimentary manganese deposits of mixed volcanogenic-chemical origin. There,
henritermierite is believed to be a hydrothermal reaction product of the original
braunite-rich manganese ores (Cairncross et al. 1997). The manganese ores in the
nothwestern portion of the Kalahari manganese fields (Wessels, Black Rock and
N’Chwaning mines) are braunite-rich with some hausmannite and marokite, and minor
amounts of carbonate material (Von Bezing et al. 1991). The main mineral assemblage
of the N’Chwaning II mine consists of sturmanite, brucite, hausmannite, gaudefroyite,
hydroxyapophyllite, thaumasite and rare andradite. Henritermierite is found there,
associated with andradite, sturmanite, barite, calcite and hausmannite.

Val Malenco (VM) clinohumite

Large opaque, dark red-brown crystals of titanian hydroxylclinohumite
[Mg7.378Fe1.12Mn0.052Ni0.014Ti0.453(Si0.996O4)4O0.906(OH)1.094] from Val Malenco (Italy)
were obtained from M. Weiss and P. Ulmer. The (ultramafic) Malenco Serpentinite is a
schistose antigorite-rich rock that equilibrated under high Greenschist Facies conditions
(Trommsdorff and Evans 1980). Its overall chemistry is lherzolitic. Most of the
metamorphic minerals occur in more than one generation, distinctive in terms of grain
size, growth and orientation. The Greenschist Facies assemblage of minerals occurs as
megacrysts (especially titanian clinohumite and olivine), not uncommonly as augen, in
pre- and synkinematic veins in the earliest generations, as well as in the generally
medium-grained serpentinite. The main-stage regional metamorphic minerals are
antigorite, olivine, diopside, chlorite, magnetite, titanian clinohumite and pentlandite.
Titanian clinohumite is most conspicuous in the veins of the early generations, as
patchily distributed crystals up to 10 cm in length. The younger generation of these
minerals forms a clean schistose mosaic fabric, with antigorite, diopside, olivine and
titanian clinohumite. Additional minerals occurring less frequently are carbonates and
hydroxylapatite.

Kukh-i-Lal (KiL) clinohumite

The specimen from Kukh-i-Lal (Pamir, Tadjikistan) is a light, orange-yellow, F-
bearing titanian clinohumite [Mg8.805Fe0.006Ti0.214(Si0.993O4)4O0.42F0.76(OH)0.82] of gem-
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quality from marbles. Ultra-magnesian rocks form a lens in pelitic biotite gneiss at
Kukh-i-Lal. They are mainly magnesite marble, relatively coarse-grained rocks
containing amphibole, enstatite, spinel, forsterite, and humite-group minerals, and
schists containing talc, amphibole, and phlogopite, including whiteschist (talc + kyanite
assemblage). The brilliant-cut single crystal of about 4 x 4 x 3 mm size was
commercially available (A. Stucki from 'Sieber + Sieber').

Tilly Foster (TF) chondrodite

The F-bearing chondrodite [Mg4.64Fe0.28Mn0.014Ti0.023(Si1.01O4)2F1.03OH0.97] sample
from Tilly Foster mine (Brewster, NY) was obtained from the Smithsonian Museum
(No. C3200-10). It is a transparent, orange-brown crystal, cut into a prism of about 1.50
x 2.35 x 3.60 mm. The Tilly Foster mine is located in the northern part of the magnetite-
ore district, which is considered to have formed by the metasomatic replacement of
metamorphosed dolomitic limestones that occur interbedded with granitic and syenitic
gneisses (Koeberlin 1909). The four main minerals found are magnetite, chondrodite,
spinel and serpentine. The chondrodite is the most abundant of the gangue minerals.
The chondrodite-bearing crystalline limestone, which is related to the ore-body, consists
of about 1/2  calcite, 1/4th chondrodite, the balance being made up of green pyroxene,
spinel, ripidolite and magnetite.

5.1 Electron microprobe analyses

It was necessary to know the chemical composition of the natural samples for an
accurate refinement of structural models, as well as for the interpretation of the
refinement results in view of different substitution mechanisms.

The chemical composition of henritermierite was measured by Jens Gutzmer
(Armbruster et al. 2001).

The chemical composition of the natural chondrodite (8 analyses) and clinohumite
(22 analyses) samples was determined using a Cameca SX 50 electron microprobe
(EMA) (15 kV, 20 nA, 5 µm electron beam diameter) (Table 5). Before the
measurement, the samples were imbedded in resin, ground, polished and coated with
carbon to ensure conductance. Standards used were forsterite (Mg, Si), rutile (Ti),
corundum (Al), chromite (Cr), fayalite (Fe), tephroite and rhodonite (Mn), NiO (Ni), as
well as F-rich phlogopite (F). For the F-analysis a PC1 analyser multi-layer crystal with
a 2d-value of ~60 Å was used. The signal accumulation time was 20 s. The peak-
background ratio of the signal was used to determine elemental concentrations. The OH-

content was calculated from stoichiometric constraints based on 13 and 7 cations,
respectively. The chondrodite composition was measured by Lee A. Groat (pers.
comm.).

The number of atoms per formula unit for a given element was calculated from the
weight percents of the oxide components. Furthermore, the site occupancies were
derived.
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Table 5. Electron microprobe analyses of chondrodite and clinohumites. Number of
atoms per formula unit and X calculated on the basis of 13 (clinohumite) and 7
(chondrodite) cations (Ribbe 1980).

VM clinohumite KiL clinohumite TF chondrodite

wt% oxides
SiO2 35.6(3) 37.8(2)   34.7(8)
TiO2   5.4(2)   2.71(7)     0.5(1)
Al2O3   0.004(6)   0.01(1)     0.009(8)
Cr2O3   0.011(1)   0.01(1)     0.01(1)
FeO 11.9(2)   0.07(2)     5.7(7)
MnO   0.55(3)   0.02(2)     0.28(4)
NiO   0.16(4)   0.014(15)     0.018(17)
MgO 44.3(3) 56.3 (3)   53.5(8)
F   0   2.30(7)     5.5(8)
H2O*   1.47(4)   1.165(15)     2.5(4)
O=F   0  -0.97(3)    -2.3(3)

Total 99.4(5) 99.5(4) 100.4(7)
# atoms p.f.u.
Si 3.98(2) 3.97(1) 2.02(4)
Ti 0.45(1) 0.214(5) 0.023(6)
Al 0.0005(8) 0.001(1) 0.0005(5)
Cr 0.0010(9) 0.0009(9) 0.0003(4)
FeII 1.1(2) 0.006(2) 0.28(4)
Mn 0.052(2) 0.001(1) 0.014(2)
Ni 0.014(4) 0.001(1) 0.0008(7)
Mg 7.38(2) 8.81(2) 4.64(7)
F 0 0.76(2) 1.0(2)

H 1.10(3) 0.82(2) 1.0 (2)
X
XFe 0.131(2) 0.0007(2) 0.056(2)
XTi 0.453(14) 0.214(5) 0.023(6)
XF 0 0.48(1) 0.52(1)
XCl 0 0 0
XOH 1.00(0) 0.52(1) 0.48(1)
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6. High-pressure single-crystal X-ray diffraction studies

6.1 Investigations on chondrodites, clinohumites and garnet

All the investigations on clinohumites, chondrodites and hydrogarnet carried out
in this project are summarised in Table 6.1 and compared with already existing data of
these compounds.

Table 6.1. Overview of investigated chondrodite, clinohumite and garnet materials and
experimental techniques.

Samples single-crystal Powder
low T, neutron high P, X-ray high P, neutron

K0, K' structure

VM clinohumite, Ti, OH X
KiL clinohumite, F, OH X X
OH-clinohumite Ref .1 X
OD-chondrodite Ref .1 X Ref. 2
(OD,F)-chondrodite, syn. X
TF chondrodite, F, OH X X X
henritermierite (garnet) X X

Ref. 1: Ross and Crichton (2001); Ref. 2: Lager et al. (1999); X: carried out in this work

6.2 Access in reciprocal space (Miletich et al. 2000)

A free crystal, not enclosed in a DAC, can be rotated around its centre S to any
relative position (Fig. 6.1.a). If referring to the Ewald construction, the reciprocal lattice
is rotated in O* simultaneously to the crystal. All k vectors within the reciprocal space
of a sphere of radius 2 can pass through the boundary of the Ewald sphere and can be
brought in reflection conditions.

The geometry of a diamond-anvil cell limits the access for X-ray radiation for in
situ diffraction studies, and hence the accessible reciprocal space of the enclosed single
crystal. The access to the sample is only possible through the weakly absorbing
beryllium backing plates and the diamond anvils, which are transparent to X-ray
radiation. The metal components of the DAC shadow the incident and/or diffracted X-
ray beam. Thus, the access is restricted by the opening angle 2a and the relative

position of the DAC, which is used in transmission mode geometry in our studies. The
relative position can be expressed through the angles yI and y D, which are defined

between the axis of radial symmetry of the diamond-anvil cell and the incident X-ray
beam (yI) and the diffracted X-ray beam (yD), respectively (Fig. 6.1.b). The rotation of

a crystal enclosed in a DAC by an angle yI is limited to –(a + np) £ yI £ a + np for

shadowing of the incident beam. The accessible 2q angle is limited to 2q £ (a + y I)

with q  = a  – y I. Hence, the equation for all the reciprocal lattice vectors k with

maximum lengths, which describe the boundary conditions for diffraction, is given by:
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These vectors fall on the surface of the Ewald sphere at a critical value for yI. A

dumbbell-like portion of the reciprocal space is accessible for diffraction (Fig. 6.1.b). If
2a is radial symmetric, a three-dimensional illustration can simply be obtained by

rotating the dumbbell-like portions by 360°, which generates a toroidally shaped
surface.

Figure 6.1. (a) Ewald construction of the reciprocal space and (b) limits by the DAC
opening angle (from R. Miletich).

6.3 The fixed-phi technique (Finger and King 1978)

A reflection is in diffracting condition whenever the reciprocal lattice vector k for
that reflection is rotated parallel to the unit vector u, where

with w, c and f being angle coordinates of a four-circle diffractometer in Eulerian

geometry (Busing and Levy 1967). The components of the unit vector can be derived
from the Miller indices, the orientation matrix, and the unit-cell metric of the crystal.
There exists no unique solution because one of these angles is redundant. A reflection
remains in diffracting condition, as long as the angles w, c and f are changed in such a

way, that the crystal rotates about k perpendicular to the Bragg plane being measured.
In the fixed-phi technique f is set to zero and the axis of the DAC lies in the

equatorial plane. Hence, the sum of the two angles yI and yD is minimised and equals

2q. This sum would increase if the axis were rotated out of the equatorial plane. Each of

the two angles, however, is limited by the opening angle of the DAC due to shadowing

u =
-
+

Ê

Ë
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of X-ray radiation by the steel components. Therefore, the number of observable
reflections is increased by holding f equal to zero. This procedure yields up to 40%

additional observable reflections. Another advantage concerns the reduction of the path
length of the X-rays in the DAC, which leads to an increased peak-to-background ratio.

6.4 Diffracted beam crystal centring (King and Finger 1979)

The restricted optical access to a sample enclosed in a DAC, which is only
possible through the diamonds, makes a precise optical centring on the diffractometer
impossible. Therefore, the method of diffracted beam crystal centring is used for single-
crystal diffraction experiments on four-circle diffractometers using a DAC. It prevents
from systematic deviations in the position of the diffracted radiation from the centre of
the diffractometer due to crystal offset. Various errors, including the offset of the
crystal, can be determined from the observed angles for centred reflections (Hamilton
1974). The equations, which can be used to calculate these errors, were derived for the
general case by King and Finger (1979), with sufficient detail for transformations into
other coordinate systems. The settings, which were found for centring, in order to solve
the equations are illustrated in Table 6.2.

Table 6.2. The settings for diffracted beam crystal centring.
No. Indices Angles Displacement
1 h k l  2q  w     c     j  Dx  Dy  Dz

2 -h -k -l  2q  w    -c p+j -Dx -Dy  Dz

3 h k l -2q -w p+c     j -Dx  Dy -Dz

4 -h -k -l -2q -w p-c p+j  Dx -Dy -Dz

5 h k l  2q -w p-c p+j  Dx -Dy -Dz

6 -h -k -l  2q -w p+c     j -Dx  Dy -Dz

7 h k l -2q  w    -c p+j -Dx -Dy  Dz

8 -h -k -l -2q  w     c     j  Dx  Dy  Dz

6.5 Compressibility measurements

The determination of accurate and precise unit-cell parameters and volumes as a
function of pressure enables (1) the precise determination of equations of state, (2) the
evaluation of critical strain behaviour at structural phase transitions under high pressure,
and (3) the more precise measurement of pressure itself.

A single-crystal fragment was either loaded in an ETH-DAC or in a DXR Diacell
together with a quartz crystal and a 4:1 methanol-ethanol mixture as hydrostatic
pressure-transmitting medium. The diamond anvils had a culet-face diameter of 0.6 mm
in the case of the ETH-DAC and of 0.5 mm for the DXR Diacell, respectively. The
measurements were performed at room temperature on a HUBER four-circle
diffractometer (Fig. 6.2.a) using unfiltered and non-monochromatised Mo X-ray
radiation (50 kV, 40 mA) (40 kV, 35 mA, respectively). Accurate unit-cell parameters
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of both the quartz and the sample crystals were obtained applying the diffracted beam
crystal centring technique (King and Finger 1979) to correct for crystal offset errors. Up
to 34 accessible reflections of the sample with 2q £ 36° were collected at each pressure.

Pressure calibration was done with up to 16 quartz reflections with 9° £ 2q  £ 32°,

respectively. The lattice parameters constrained to the respective symmetries were
obtained by a vector least squares fit to the corrected reflection positions. In order to
obtain compressibilities, P-V, P-a, P-b and P-c data were fitted with a third-order Birch-
Murnaghan equation of state (3BM EOS; chapter 2.1.2) using a fully weighted least-
squares procedure. The pressures were determined from the refined unit-cell parameters
and the EOS parameters of quartz (Angel et al. 1997). Data collection parameters are
given in Table 6.3. High-pressure unit-cell parameters of the investigated pressure
ranges are summarised in Tables A1-A3 of appendix A.

Table 6.3. Parameters of the compressibility measurements
Henritermierite TF chondrodite KiL clinohumite

DAC type ETH ETH DXR diacell
Gasket material Inconel Inconel, T301 T301
Data points 19 16 16
Pressure chamber
(diameter, height)

250(±5) µm, 90 µm 250(±5) µm, 92 µm
200(±5) µm, 98 µm

250(±5) µm, 90 µm

Single crystal 160 x 140 x 60 µm
130 x 100 x 35 µm

100 x 100 x 40 µm 160 x 100 x 50 µm

Max. pressure 8.7 GPa 9.6 GPa 9.0 GPa
No. reflections 23 – 29 30 – 34 18 – 26
2q range 9.2 – 25.8° 11.7 – 35.5° 10.5 – 28.5°

Quartz-reflections 7 – 14 13 – 16 12 – 15
2q range (quartz) 9 – 32° 9 – 32° 9 – 32°

6.5.1 Henritermierite

Two sets of unit-cell data were obtained as a function of pressure. The first data
set was measured to a maximum pressure of 6.9 GPa. A second data set was collected
up to 8.7 GPa with a smaller single-crystal fragment. At the maximum pressures of 8.6
and 8.7 GPa the quartz started to show peak broadening, probably caused by bridging of
the diamond anvils by the quartz crystal. Therefore, the last two pressures were derived
from the EOS of henritermierite itself. The slightly different unit-cell parameters of the
two individual crystals of henritermierite at ambient conditions are attributed to small
variations of the chemical composition. Since the two crystals differ in V0, the two sets
of P-V data were fitted individually with the 3BM EOS. The compressibility values
agree within their standard deviations and hence are averaged (Table 6.4).

The variation of the normalised unit-cell parameters with pressure can also be
described by second-order polynomial equations:

a/a0 = 0.99997(6) Å – 3.77(3) x 10-3 Å GPa-1 x P + 8.3(4) x 10-5 Å GPa-2 x P2

c/c0 = 1.00001(4) Å – 2.45(2) x 10-3 Å GPa-1 x P + 3.7(3) x 10-5 Å GPa-2 x P2
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The pressure dependencies of the a and c axes are significantly non-linear as
indicated by the terms of P2 being more than 10 times their esds. The fit of a higher-
order polynomial does not improve the fit result as it gives terms of the same magnitude
as their uncertainties.

Table 6.4. EOS parameters for henritermierite
V0 (Å

3), d0 (Å) K0,T (GPa) K´ c2

1st data set
V 1859.4(2) 97.6(9) 5.2(3) 1.48
a 12.4937(6) 255(3) 17.3(9) 0.938
c 11.9118(5) 408(5) 12(2) 0.424

2nd data set
V 1857.3(1) 98.2(7) 5.4(2) 0.62
a 12.4875(4) 257(2) 17.6(9) 0.65
c 11.9110(3) 405(4) 15(1) 0.24

Average
V 97.9(9) 5.3(3)
a 256(2) 17.5(9)
c 407(5) 13.6(1.5)

6.5.2 TF Chondrodite

Two sets of unit-cell data as a function of pressure were obtained. The first data
set was measured to a maximum pressure of 6.9 GPa using Inconel as gasket material.
A second data set was collected up to 9.6 GPa with a smaller gasket hole within a T301
steel gasket. Since the sample crystal remained the same, the two sets of P-V data were
fitted together with the 3BM EOS. Results are given in Table 6.5.

The variation of the normalised unit-cell parameters with pressure by second-
order polynomial equations gives:

a/a0 = 1.00000(2) Å – 2.09(1) x 10-3 Å GPa-1 x P + 3.8(1) x 10-5 Å GPa-2 x P2

b/b0 = 0.9998(2) Å – 3.2(1) x 10-3 Å GPa-1 x P + 4.5(1.1) x 10-5 Å GPa-2 x P2

c/c0 = 0.99999(5) Å – 3.05(2) x 10-3 Å GPa-1 x P + 5.1(2) x 10-5 Å GPa-2 x P2

The pressure dependencies of the a, b and c axes are clearly non-linear, although
the uncertainty of the second-order term of the b axis is quite high.

Table 6.5. EOS parameters for TF chondrodite
V0 (Å

3), d0 (Å) K0,T (GPa) K´ c2

V 362.00(2) 117.0(4) 5.59(11) 1.25
a 4.73282(9) 458(3) 28.9(9) 0.95
b 10.2759(3) 298(1) 13.4(4) 1.14
c 7.8759(2) 316(2) 16.7(5) 1.28
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6.5.3 KiL Clinohumite

One set of unit-cell data as a function of pressure was collected to a maximum
pressure of 9.04 GPa. At the maximum pressure the crystal broke into at least three
fragments as it was bridging the diamond anvils. The measurements were continued, as
one fragment remained large enough to diffract measurable intensity and also kept the
orientation. Unfortunately, the standard deviations of the unit-cell parameters increased
for the measurements at decreasing pressure. EOS parameters are listed in Table 6.6.

The variation of the normalised unit-cell parameters with pressure by second-
order polynomial equations gives [reference values (a0, b0, c0) taken from Table 6.6]:

a/a0 = 0.9999(1) Å – 1.96(7) x 10-3 Å GPa-1 x P + 3.8(7) x 10-5 Å GPa-2 x P2

b/b0 = 1.0000(1) Å – 3.38(5) x 10-3 Å GPa-1 x P + 6.0(5) x 10-5 Å GPa-2 x P2

c/c0 = 0.9999(1) Å – 2.84(6) x 10-3 Å GPa-1 x P + 5.0(7) x 10-5 Å GPa-2 x P2

The pressure dependencies of the a, b and c axes are significantly non-linear.

Table 6.6. EOS parameters for KiL clinohumite
V0 (Å

3), d0 (Å) K0,T (GPa) K´ c2

V 646.8(2) 119(3) 6.2(8) 5.99
V* 646.5(1) 123.6(8) 5 (fix) 6.86
a 4.7298(8) 483(26) 33(8) 3.34
b 10.2236(10) 287(6) 15(2) 2.05
c 13.6213(19) 338(11) 19(3) 9.29

* Results of a second-order BM EOS fit with K´ set to 5.

6.6 Intensity-data collection with lab. X-ray sources and refinement

X-ray intensity-data collection was performed at ambient temperature on an Enraf
Nonius CAD4 four-circle diffractometer (Fig. 6.2.b) with graphite-monochromatised
MoKa radiation. The intensity measurements were carried out with w-scans at up to

maximum scan time at the position of least attenuation of the pressure cell, according to
the fixed-j technique (Finger and King 1978). Hence, the reflection accessibility was

maximised and the attenuation of the X-ray beams by the pressure-cell components was
minimised. All symmetry-allowed accessible reflections within a full sphere were
collected in the selected q range. Two or three standard reflections served as intensity

control. Intensity data were obtained from the scan data using a modified Lehmann-
Larsen algorithm (Grant and Gabe 1978). Intensities were corrected for Lorentz and
polarisation effects and absorption of the X-ray beam by the diamond and beryllium
components of the pressure cell using a modified version of ABSORB (Burnham 1966).
Averaged structure factors were obtained by averaging symmetry-equivalent reflections
in the appropriate Laue symmetry following the criteria recommended by Blessing
(1987).

Most structure refinements were carried out with RFINE99 (Finger and Prince
1975, modified by Angel 1999). The coefficients for the neutral atom scattering factors
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and dispersion corrections were taken from the International Tables for Crystallography
(Maslen et al. 1992; Creagh and McAuley 1992). A number of reflections were
excluded from refinements due to overlapping diamond reflections, their l/2 artefacts

and high and asymmetric backgrounds (weak reflections). Structure refinements of the
twinned OD-chondrodite crystal were carried out with SHELXL97 (Sheldrick 1997).
The hydrogen atoms were excluded from the refinement models, except for
henritermierite. The effect of extinction could be neglected and was therefore excluded
from refinement in order to minimise the number of parameters.

A refinement of anisotropic displacement parameters is meaningless for low-
symmetric structures and results in very anisotropic layered thermal ellipsoids. These
represent rather the missing quality of the high-pressure data, than true thermal motion.
The collection of reflections in an only limited region of the reciprocal space reduces
the ratio of unique reflections to parameters below a critical value, and leads to strong
series termination errors, which are mainly affecting the atom displacement factors.
These are strongly influenced by even small differences in the measured intensities of
reflections. An unfavourable orientation of the single crystal within the diamond-anvil
cell can increase such effects, e.g., if a reciprocal unit-cell vector is close to parallel to
the axis of radial symmetry of the diamond-anvil cell, as was the case for both
chondrodite and clinohumite single crystals.

Details on data reduction and results of the high-pressure structure refinements are
listed in appendix B.

6.6.1 Henritermierite

The atomic coordinates from the ambient-condition measurements by Armbruster
et al. (2001) were used as a starting model. The final refinement of the high-pressure
data set was carried out with anisotropic displacement parameters for the manganese
and calcium atoms and isotropic B’s for the silicon and oxygen atoms. The fractional
coordinates and B values of the hydrogen atom and the low-occupied silicon atom as
well as the ratio of occupancy were fixed according to the ambient conditions
refinement. Atomic coordinates at 8.6 GPa are given in Table C1, anisotropic atomic
displacement parameters in Table C2, appendix C.

6.6.2 TF Chondrodite

The atomic coordinates from the single-crystal neutron refinement (chapter 8.2;
Table D6, appendix D) were used as a starting model. The final refinements of the high-
pressure data sets were carried out with isotropic displacement parameters for all atoms.
The ratio of F:O occupancy was fixed according to the neutron refinements and the
microprobe analyses (chapter 5.1). The site occupancy of M1 was refined with the
constraint Â(Fe + Mg) = 1. Atomic coordinates at various pressures are given in Table

E1, appendix E.

6.6.3 Hydroxylclinohumite

The atomic coordinates given by Berry and James (2001) were used as a starting
model. The final refinement of the high-pressure data set was carried out with isotropic
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displacement parameters for all atoms. Structural results are given in Tables E6 and E7,
appendix E.

6.6.4 Hydroxylchondrodite

Several reflections measured showed multiple-peak profiles, which indicated
twinning. Jones (1969) reported preferred twinning parallel (001) for chondrodite,
which was also found for this crystal. Measurements were performed in the ASTM
setting (space group P21/a; a = 10.2, b = 4.7, c = 7.8). The twin crystal was found by the
application of the transformation matrix [1, 0, 0; 0, -1, 0; -0.4868368, 0, -1]. Both data
sets were measured using the same parameters. Only one single set was used for
refinement and split reflections were excluded. The twin component was refined to
about 7% for that data set. The atomic coordinates given by Lager et al. (2001) were
used as a starting model. The final refinements of the high-pressure data sets were
carried out with isotropic displacement parameters for all atoms.

6.7 Intensity-data collection with synchrotron radiation and refinement

Table 6.7. High-pressure data-collection parameters of OD-chondrodite and OH-
clinohumite

OD-chondrodite OH-clinohumite
0.0001 GPa 3.3 GPa 7.4 GPa 3.9 GPa

Scan width (∞) 0.50 0.50 0.30 + 0.40 tanq 0.05

Max. scan time (s) 120 120 120 120
No. reflections < 3928 < 4025 < 1753 < 4550
Max. q (∞) 40 40 40 32.5

Standard
reflections for
intensity control

( )

( )

( )

112

005

212

( )

( )

( )

3 1 3

411

311

Intensity-data collections of deuterated hydroxylchondrodite and hydroxyl-
clinohumite were performed on a KUMA six-circle diffractometer (Fig. 6.2.c) at the
Swiss Norwegian Beamline (SNBL) using synchrotron X-ray radiation at a wavelength
of 0.7 Å (at room temperature). The diamond-anvil cell was centred in the x and z
directions by the use of an X-ray eye. Unfortunately, the y direction remained quite
inaccurate. Intensity measurements were carried out with w-scans (scan speed 0.05 °/s)

at the position of least attenuation of the pressure cell, according to the fixed-j
technique (Finger and King 1978). All symmetry-allowed accessible reflections within
a full sphere were collected up to q = 40∞. Three standard reflections served as intensity

control. Intensity data were obtained from the scan data with xd_red (Mathiesen 1999)
using a Lehmann-Larsen algorithm (Lehmann and Larsen 1974). The following steps,
such as absorption and intensity correction and refinement, followed the same principle
as mentioned above for laboratory X-ray sources. Due to instrument set-up problems, as
centring of the diffractometer, the reflections were not centred homogeneously and
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therefore the data could not be refined satisfactory. Details on data collection are given
in Table 6.7.

  

Figure 6.2. (a) HUBER four-circle diffractometer with an ETH-DAC mounted for
compressibility measurements. (b) CAD4 four-circle diffractometer with an ETH-DAC
mounted for intensity-data collection. (c) KUMA six-circle diffractometer of the SNBL
with an ETH-DAC mounted for intensity-data collection.

(a) (c)

(b)
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7. Hydrogarnets - Henritermierite Ca3
VIIIMn2

VI[SiO4]2[H4O4]1

(Armbruster et al. 2001)

7.1 Previous work

Henritermierite is a rather rare Mn3+ silicate and belongs to the hydrogarnet group
of minerals. The general chemical formula of garnets is X2+

3Y
3+

2Z
4+

3O12, of which there
are eight in the unit cell. Garnets are orthosilicates and the structure (space group Ia3d)
consists of alternating ZO4 tetrahedra and YO6 octahedra, which share corners to form a
three-dimensional framework (Fig. 7.1.a). Within this there are cavities that can be
described as distorted cubes, or alternatively as triangular dodecahedra, of eight oxygen
atoms, which contain the X ions. The X, Y and Z cations each occupy special fixed
positions in the unit cell so that the only variables to describe the structure are the cell
edge and a single set (x, y, z) of oxygen atom coordinates. A high percentage of shared
polyhedral edges leads to a tightly packed structure. In hydrogarnets, the ZO4 unit is
partially or fully substituted by H4O4 groups.

End-member henritermierite has the formula Ca3Mn3+
2[SiO4]2[OH]4. Due to the

Jahn-Teller distortion of octahedrally coordinated Mn3+ (Fig. 7.1.a), henritermierite is
tetragonal (space group I41/acd). This is in contrast to other hydrogarnets of the
hibschite and hydroandradite series, which have cubic symmetry. In general, Mn3+-rich
garnets are rather rare in nature. Ca3Mn3+

2[SiO4]3 and Cd3Mn3+
2[SiO4]3 were

synthesised by Nishizawa and Koizumi (1975) at 1373 K between 3 and 6 GPa and
synthetic high-pressure Mn2+

3Mn3+
2[SiO4]3, produced at 1273 K and 9 GPa, was

recently reinvestigated by Arlt et al. (1998). The latter garnet is known as 'blythite'
component, e.g., observed in natural calderite-andradite (Bühn et al. 1995).
Surprisingly, these synthetic Mn3+-silicate garnets were found to have cubic symmetry
(space group Ia3d). Arlt et al. (1998) showed that a disordered Jahn-Teller distortion,
either of dynamic or static nature, must be assumed for Mn2+

3Mn3+
2[SiO4]3. In contrast,

the synthetic germanate garnet Ca3Mn3+
2[GeO4]3 (Heinemann and Miletich 2000) is

tetragonal (space group I41/a) at room temperature but becomes cubic (space group
Ia3d) at ca. 800 K. Hydrogarnets are known as solid solution series between grossular
Ca3Al2[SiO4]3 and katoite Ca3Al2[H4O4]3 (e.g., Sacerdoti and Passaglia 1985;
Armbruster and Lager 1989; Lager et al. 1989)  and between andradite Ca3Fe2[SiO4]3

and Ca3Fe3+
2[H4O4]3 (e.g., Kobayashi and Shoji 1987; Armbruster 1995). These

minerals are cubic and the structure of intermediate members reveals a disordered
distribution of small SiO4 tetrahedra and larger H4O4 tetrahedra. The H atoms of the
H4O4 tetrahedron are approximately on the tetrahedral faces (Fig. 7.1.b). A very low
degree of hydrogarnet substitution is known for many natural garnets (Aines and
Rossman 1984b). Titanian andradites with the morimotoite substitution Fe2+ + Ti4+ Æ 2

Fe3+ (Henmi et al. 1995) are characterised by a substantial hydrogarnet substitution
reducing structural strain (Armbruster et al. 1998). In contrast to the disordered
arrangement of H4O4 in hydrogarnets related to grossular and andradite, henritermierite
has ordered H4O4 (Aubry et al. 1969). The additional Mn3+ Jahn-Teller distortion in
henritermierite is the reason that an ordered arrangement of small SiO4 and large H4O4

tetrahedra is more favourable to compensate for the ordered octahedral distortion. The
crystal-structure study by Aubry et al. (1969) of an Al-rich henritermierite from
Morocco could not resolve the hydrogen distribution. Armbruster et al. (2001) located
the hydrogen position in an X-ray study and correlated the structural data on hydrogen
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bonding with infrared absorption bands at low and ambient temperature. Above 800 K
henritermierite dehydrates and Mn3+ is partially oxidised to Mn4+. This leads to a new
garnet-like phase of Ia3d symmetry and of Ca3Mn2.26O2.32[SiO4]2.42 composition, in
which instead of H4O4 tetrahedra a new disordered octahedral site is occupied by Mn
(Armbruster et al. 2001).

Since garnets are assumed to be possible hosts for the storage of water in the
Earth’s mantle numerous studies dealing with the high-pressure behaviour of garnets
have been published. Previous work on the compressibility of the cubic end-members
of the garnet-hydrogarnet series grossular [Ca3Al2(SiO4)3] – katoite [Ca3Al2(O4H4)3]
concentrated on the influence of hydrogarnet substitution. Lager and Von Dreele (1996)
reported the behaviour of the O4D4 groups of katoite as a function of pressure. The
behaviour of manganese-rich garnets was investigated under high pressure for
spessartine, Mn3Al2[SiO4]3, (Babuska et al. 1978; Léger et al. 1990), 'blythite',
Mn2+

3Mn3+
2[SiO4]3, (Arlt et al. 1998) and for tetragonal Ca3Mn3+

2 [GeO4]3 (Miletich et
al. 1997).

 
Figure 7.1. (a) Polyhedral-structural drawing of henritermierite (MnO6 octahedra, SiO4

tetrahedra and O4H4 groups). The Jahn-Teller elongation within the MnO6-octahedra is
marked by dashed lines. (b) O4H4 tetrahedron.

7.2 Discussion of  the high-pressure behaviour

Stability and properties of minerals under extreme conditions are strongly
depending on the chemical composition. The comparison of henritermierite with other
Mn3+- or OH-bearing garnets reveals the effects of O4H4´SiO4 substitution and of

Jahn-Teller distortion on the pressure-derived properties. Compressibility and high-
pressure intensity data of henritermierite were collected by single-crystal X-ray
diffraction methods (chapters 6.5.1 and 6.6.1). The compressibility of henritermierite

(a)

(b)
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[K0,T  = 97.9(9) GPa, K¢ = 5.3(3)] is higher by about 1/3 compared to OH-free Mn3+-

bearing garnets (Fig. 7.2), such as Mn2+
3Mn3+

2[SiO4]3 with a bulk modulus of K0 =
151.6(8) GPa and its pressure derivative  of K¢ = 6.4(2) (Arlt et al. 1998). Miletich et al.

(1997) found values of K 0 = 133.0(6) GPa, K ¢ = 5.7(2) for Ca3Mn3+
2[GeO4]3.

Spessartine, Mn3Al2[SiO4]3, was measured to show a K0 = 172(2) GPa, K¢ = 7.4(1.0) or

K0 = 174(2) GPa, K¢ = 7(1) (Babuska et al. 1978; Léger et al. 1990). The bulk modulus

systematic clearly indicates the degree of hydrogarnet substitution to be the dominant
factor for the overall compressional behaviour. In accordance with that, the fully
substituted hydrogarnet katoite, Ca3Al2[O4D4]3, is almost twice as compressible as
henritermierite, with a bulk modulus of K0 = 52(1) GPa (Lager and Von Dreele 1996).
The high value for K¢ of henritermierite was found to be very similar to those in other

Mn3+ garnets. It is attributed to the changes of electronically-induced polyhedral
distortion at high pressures (Arlt et al. 1998; Woodland et al. 1999).

Figure 7.2. Comparison of the bulk moduli (GPa) of X3Y2[Si(Ge)O4]3-z[O4H4]z garnets
from literature data. Bulk moduli are given in black, their standard deviations in white.

 The comparison of the axial bulk moduli indicates a compressional axial
anisotropy of henritermierite (Fig. 7.3.a), which is in contrast to the quasi-isotropic
behaviour found in tetragonal Ca3Mn3+

2[GeO4]3 (Miletich et al. 1997). The distinct
differences in the orientation of the axis of polyhedral elongation (Fig. 7.3.b) explain
the higher axial compression along the [100]tetr directions compared to that along the c-
axis. This hypothesis is confirmed by the structural behaviour at high pressure. The
elongated Mn-O2 bond distance of the Jahn-Teller distorted MnO6 octahedra in [100]tetr

directions (2.206 Å at ambient conditions) is shortened much more (Mn-O2 = 2.139 Å
at 8.6 GPa, D = 0.067 Å) compared to differences of only 0.004 and 0.011 Å for the

Mn-O3 and Mn-O1 bond lengths (Table C3). This results in a more regular polyhedron
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at higher pressure. The anisotropic compression of the MnO6 octahedron can be
explained by the exponential relationship between bond lengths and bond valences. The
stronger compression of the long bonds relative to short bonds leads to a smaller
compressional overbonding on the atoms involved for a given volume reduction. In our
example, the preferred compression of the long Mn-O2 bond reduces the overbonding
for the Mn cation from 3.4 v.u. for an isotropic compression to 3.3 v.u.. Compressional
overbonding due to high pressure is thus acting against the Jahn-Teller distortion due to
the energetic degeneracy of the d-orbitals.

Figure 7.3. (a) Anisotropic behaviour of cell parameters of henritermierite as a
function of pressure. (b) MnO6 octahedron; arrows indicate the Jahn-Teller elongated
Mn-O2 bonds.

We also observe a remarkable reduction of the O3◊◊◊O3 distance (Table C3). This

results in an apparent strengthening of the O3-H3◊◊◊O3 hydrogen bond. This

observation should be interpreted with caution, because the quality of the high-pressure
data set did not allow us to refine the hydrogen position. Previous studies of the
hydrogen-bond geometry of katoite with pressure, however, revealed a decrease of both
the O-D and O◊◊◊D bond lengths, and hence the O◊◊◊O distance, and a slight widening of

the O-D◊◊◊O angles (Lager and Von Dreele 1996).

Major structural changes are also observed for the calcium polyhedra. The high-
coordinated Ca cation fills the large cavities of the corner-sharing tetrahedral and
octahedral framework. In agreement with bond-valence considerations the very long
Ca2-O1 bond (2.614 Å at ambient conditions) is affected strongest within the Ca2
polyhedron, which shows a tendency towards a more regular shape (Fig. 7.4).

Both the c/a ratio and spontaneous strain (Fig. 7.5) show a trend towards a weaker
tetragonal distortion. On the basis of this trend we expect pseudo-cubic cell dimensions
above ca. 20 GPa. A tetragonal-to-cubic phase transition, however, is not expected even
if the structure would adopt cubic metric. This is because of the ordered distribution of
O4H4 and SiO4 groups, which breaks the cubic symmetry.

(a) (b)
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Figure 7.4. Shortening of the Ca-O1 bond distance with pressure.

Figure 7.5. Strain calculated
from cell parameters for a
tetragonal-to-cubic phase

transition. 'acub' is the
hypothetical cubic cell
parameter corresponding to
the given cell volume.
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8. Humite-group minerals: Chondrodite and Clinohumite

8.1 Previous work

The humite-group minerals can be represented by the formula
nM2SiO4 ◊ M1-xTix(F,OH)2-2xO2x,

where M is Mg with minor amounts of Fe2+, Mn, Ni, Ca, Zn, Cu, 0 < x < 0.5. Early
fundamental studies of their structures, nomenclature and chemical composition were
carried out by Gibbs, Ribbe and co-workers (Gibbs and Ribbe 1969; Jones 1969; Jones
et al. 1969; Ribbe et al. 1968; Ribbe and Gibbs 1971) (Fig. 8.1.2). These authors
focused on norbergite (n = 1), chondrodite (n = 2) and humite (n = 3). This series was
continued by single-crystal structure refinements of clinohumite (n = 4) and titanian
clinohumite (Robinson et al. 1973; Kocman and Rucklidge 1973; Fujino and Takéuchi
1978), and hydroxylchondrodite (Yamamoto 1977), as well as by the comprehensive
work by Ribbe (1979; 1980) on the whole humite series. Recently, the H position of
norbergite (Cámara 1997), and the two H positions of naturally-occurring
hydroxylclinohumite (Ferraris et al. 2000) were determined by single-crystal X-ray
diffraction methods. The O-D···O bond geometry in both deuterated
hydroxylchondrodite and deuterated hydroxylclinohumite has been examined using
neutron powder diffraction methods (Lager et al. 2001; Berry and James 2001).

The humite minerals are a homologous series of magnesium orthosilicates whose
structures are based on slightly distorted hexagonal close-packed (hcp) arrays of anions
(O, F, OH) with one-half of the octahedral sites occupied by M and 8-12% of the
tetrahedral sites occupied by Si (Ribbe 1980). The non-standard monoclinic space group
P21/b (unique axis a) for chondrodite and clinohumite is used in order to emphasise the
structural relationship to olivine. The a crystallographic axis is chosen parallel to the 63

axis of an ideal hcp anion array. In terms of a polyhedral model the dominant structural
units are chains of edge-sharing octahedra, running parallel to the c axis and cross-
linked by SiO4 tetrahedra. The asymmetric unit of the chondrodite structure has three
octahedrally coordinated M sites, one tetrahedrally coordinated Si site, five oxygen
positions and one H position (Fig. 8.1.2.b); the clinohumite structure five M sites, two
Si sites, nine oxygen positions and one H position (Fig. 8.1.2.d). The (F, O, OH) anion
is triangularly bonded to three M cations, one M2 and two M3 (Fig. 8.1.1).

Figure 8.1.1. The O-H
bond geometry of natural
clinohumite and
chondrodite samples
using the TF chondrodite

as an example.
Displacement ellipsoids
are drawn with a scale
factor of 2.
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Figure 8.1.2. The humite-group minerals.

(a) (b)

(c) (d)
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End-members hydroxylchondrodite (Yamamoto 1977; Lager et al. 2001) and
hydroxylclinohumite (Ferraris et al. 2000; Berry and James 2001) have two
symmetrically different H sites occupied. Yamamoto (1977) included the positions of
the H atoms for synthetic hydroxylchondrodite as refinable parameters in the least-
squares analysis, and proposed positional disorder for the protons. A statistical
distribution of the OH orientation among the equilibrium positions satisfies the
symmetry conditions of the space group P21/b and explains the elongated displacement
parameter ellipsoid of the O atom, which serves as both acceptor and donor (Fig. 8.1.1).
This disordered model has been recently confirmed by Lager et al. (2001). Fujino and
Takéuchi (1978) have located the centrosymmetrically related, partially occupied H
sites in a titanian clinohumite from difference-Fourier maps. In nature only Ti-rich
chondrodite and clinohumite are F-free among humite-group minerals. Both Ti-free
hydroxylchondrodite and hydroxylclinohumite have been synthesised at high pressures
and temperatures (Yamamoto and Akimoto 1977; Akaogi and Akimoto 1980).

There is renewed interest in chondrodite and clinohumite because they may be
constituents of the Earth’s lower crust and upper mantle, and therefore could provide a
means of storage for water in this region. For this reason, several papers have been
published that deal with chondrodites and clinohumites in the past ten years.
Spectroscopic data have been used to extract elastic properties (Fritzel and Bass 1997;
Sinogeikin and Bass 1999) and the pressure and/or temperature dependence of OH
vibrational frequencies (Williams 1992; Lin et al. 1999; Mernagh et al. 1999; Lin et al.
2000). The influence of the F(OH)-1 substitution on the H-atom environment has also
been investigated by spectroscopic methods (Akaogi and Akimoto 1986; Cynn et al.
1996; Phillips et al. 1997). Diffraction data have been used to study the effect of the
OH/F ratio on the compressional behaviour. Bulk moduli have been reported for F-
bearing chondrodite (Faust and Knittle 1994; Kuribayashi et al. 1998) and for
hydroxylchondrodite and hydroxylclinohumite (Ross and Crichton 2001; Lager et al.
1999).

8.2 Low-temperature single-crystal neutron diffraction study (Friedrich et al.
2001a)

A neutron single-crystal diffraction study was carried out to determine accurate
hydrogen positions of naturally occurring VM clinohumite, KiL clinohumite and TF
chondrodite (chapter 5). The goal of this study was to present data on the structural
environment of hydrogen in chemically diverse (OH/F ratio) natural humites at both
ambient and lower temperatures.

8.2.1  Experimental

The quality of the VM clinohumite was checked with several X-ray photographs
produced by the Laue back-scattering technique to exclude twinning and domains. A
3.7 x 4.0 x 3.0 mm crystal was cut from the sample for the neutron experiment. The KiL
clinohumite was a brilliant-cut gemstone with about 4 mm sides. The TF chondrodite
was cut into a prism of approximate dimensions 1.50 x 2.35 x 3.60 mm.
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Neutron single-crystal diffraction data were collected at 295, 100 and 20 K (10 K
for the chondrodite crystal) on the HB2a four-circle diffractometer at the high-flux
isotope reactor (HFIR) at Oak Ridge National Laboratory (ORNL). Details on the data
collection are summarised in Table D1, appendix D. A wavelength of 1.0037(2) Å was
obtained using a (331)Ge monochromator at a take-off angle of 45°. The crystals were
glued to an aluminium pin and mounted on the cold-tip of a closed-cycle He
refrigerator, which is mounted on the diffractometer for low-temperature measurements.
A set of 31 to 40 reflections for the clinohumites and 72 to 102 reflections for
chondrodite was used for refining the unit-cell parameters (Table D2) and determining
the orientation matrix. Intensity-data collection was carried out by radially scanning
through the Ewald sphere. At the limits of 2q = 0° and 180° the radial scan is a pure w
scan and a pure q-2q scan, respectively. A simple trigonometric relationship controls

the relative speeds of the w and 2q motors at intermediate values. A 1/4-sphere of Bragg

reflections was measured to sin q/l = 0.763 Å-1. Three reflections were monitored to

correct the intensities for variations in the neutron flux, which did not change by more
than 1% for the duration of each data collection. The intensities were integrated using
the Lehmann-Larsen algorithm and corrected for the Lorentz effect with the UCLA
Crystallographic Computing Package (1994, pers. comm.). The intensities of equivalent
monoclinic reflections were then averaged. Due to shadowing effects caused by the
mounting brackets of the refrigerator, reflections at angles in a range of about 2q > 100°

and 92° £ 2q £ 100° with -77° £ c £ -61° were excluded from refinements.

The structures were refined in the space group P21/b (unique axis a) using the
General Structure Analysis System (GSAS; Larson and Von Dreele 1994). Starting
values in the refinements for chondrodite and clinohumite were those reported by Gibbs
et al. (1970) and Robinson et al. (1973, ICSD no. 4569), respectively. The initial values
for the H positions for chondrodite and clinohumite were taken from Yamamoto (1977)
and Fujino and Takéuchi (1978). A Becker-Coppens Type II extinction correction was
applied to each data set of the clinohumites. A Type I correction was used to
characterise the extinction in chondrodite (Table D1). The Mg:Fe-ratio was refined for
all M sites with the constraint that the sum of the occupancies of Mg and Fe was fixed.
The EMA-derived Ti-concentration (chapter 5) was assigned to the M3 position for the
VM clinohumite, as suggested by Fujino and Takéuchi (1978). Ti occupation was thus
refined for all M sites only for the KiL clinohumite. The refined OH/F ratio for
chondrodite shows good agreement with EMA results both in refinements with and
without constraints [Â(OH + F) = 1]. In the case of the KiL clinohumite, the F, O and H

site occupancies were each refined independently, revealing a higher O than H
occupancy. The presence of an oxy component is in agreement with the higher Ti
content in this sample. The O:F ratio [with Â(O + F) = 1] is equivalent to the EMA

results within uncertainties. The occupancies and displacement parameters of O, F and
H were refined alternately due to their mutual dependence. The lower H content is
consistent with a coupled F¤Ti-substitution. All atom positions were refined with

anisotropic displacement parameters. A numerical absorption correction was applied in
the case of the VM clinohumite. The complex shape of the KiL clinohumite allowed
only a spherical absorption correction. The final discrepancy factors are summarised in
Table D1. Atomic parameters and isotropic displacement factors are given in Tables
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D4-D6, site occupancies in Table D7. Selected interatomic distances and angles are
presented in Tables D8 and D9 and anisotropic displacement factors in Table D10.

The observation of a few very weak, symmetry-forbidden reflections led us to
further investigations. The space-group symmetry of the VM clinohumite was also
examined at 295 and at 20 K using the single-crystal, time-of-flight (TOF) Laue
technique at the Intense Pulsed Neutron Source (IPNS) at Argonne National Laboratory.
Several lattice planes were sampled in a solid volume of reciprocal space to determine
the extinction conditions.

X-ray data were collected at 295 K for an equant 350 µm single crystal of the KiL
clinohumite on an Enraf-Nonius CAD4 four-circle diffractometer with graphite-
monochromatised MoKa radiation (l  = 0.71073 Å). For the refinement of the

orientation matrix and unit-cell parameters 25 reflections in a 2q-range from 30.72° to

48.58° were used. A hemisphere of Bragg reflections (6067 reflections) was measured
up to 2q = 70°. The intensity loss, checked by three reflections, was 0.2% during the

measurement. Intensities were corrected for Lorentz and polarization effects and the
structure was refined using neutral atom scattering curves and the program SHELXL97
(Sheldrick 1997). The refined atom parameters of the neutron measurement were taken
as starting parameters. Details of the data collection and refinement are given in Table
D3.

The longitudinal piezoelectric effect was investigated on a 4 x 4 x 1 mm plate of
the KiL clinohumite. A charge amplifier was used and mechanical stress was applied in
different orientations. No distinct piezoelectric effect could be observed (E. Haussühl,
pers. comm.).

8.2.2 Results and discussion

Our results confirm that within standard deviations all Ti is concentrated in the
M3 site of the KiL clinohumite (Fujino and Takéuchi 1978). For the VM clinohumite
the Ti-content derived from the EMA measurement was fixed on the M3 site. Gibbs et
al. (1970) found that Fe preferred the M1 site in chondrodite, the only site with no (F,
OH) ligands. Refinement of the TF chondrodite also revealed that Fe exclusively
occupies the M1 site (~10%). The H position of the F-bearing chondrodite corresponds

to the D1 position of deuterated hydroxylchondrodite (Lager et al. 2001).
Abbott et al. (1989) have used structure energy calculations to locate the H atom

in several humite minerals, including hydroxylchondrodite, titanian chondrodite and
titanian clinohumite. The locations of energy minima for H+ were consistent with the
two types of H sites, as determined in the studies by Yamamoto (1977) and Fujino and
Takéuchi (1978). The effect of the substitutions F(OH)-1 and TiO2M-1(OH)-2 on the
location of the minima was also investigated. The major conclusions were that H1 sites
were only found when adjacent anion sites were occupied by OH, and that H2 sites
were favoured when either Ti or F was included in the local environment. Both of these
conclusions are in disagreement with the refinement of Fujino and Takéuchi (1978), and
with the results of this study, where only H1-type sites were observed in titanian
clinohumite. With the exception of the x-coordinate, the experimentally determined H
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position is in good agreement with that determined by Abbott et al. (1989) for the H1
site.

Structural variations on Ti and F substitution

The O-H distances vary within one standard deviation in a range of 1.028(4) to
1.034(6) Å at ambient temperature. These distances are relatively long if compared to
the mean value of 0.969(1) Å determined by Ceccarelli et al. (1981). The difference can
be attributed to the statistically varying function of the O/F atom both as donor and as
acceptor that derives from a disordered distribution of the centrosymmetrically related
H atoms (Fig. 8.1.1). The different positions of the O and F atoms are also in our case
reflected by the elongated atomic displacement ellipsoid. The unusually long O-D
bonds in synthetic deuterated hydroxylchondrodite [O-D1 = 1.076(4) Å; O-D2 =
1.110(4) Å] have also been related to the positional disorder of the O atom (Lager et al.
2001).

There is one strong and one weak H bond in both the VM and KiL clinohumites
and TF chondrodite (Fig. 8.2.1.a; Table D9). For the strong H bond, O/F◊◊◊O/F distances

range from 2.898(2) to 2.939(1) Å with angles of 174.6(5)° to 171.7(3)°. In the
clinohumites, the weak H bond is characterised by O/F···O2,2 distances of 2.957(2) and
2.954(2) Å and angles of 103.9(4) and 105.3(4)°, respectively. In the chondrodite, the
weak H bond has an O/F◊◊◊O1 distance of 2.962(1) Å with an angle of 106.5(3)°.

       

The refined occupancies of the H site are 47(2)%, 42(1)% and 41(1)%,
respectively, for the VM clinohumite, the TF chondrodite and the KiL clinohumite. It

Figure 8.2.1. (a) Hydrogen bonding in
clinohumite and chondrodite. (b) Formation
of two H sites in hydroxylchondrodite (O5 ∫

O/F).
(a)

(b)
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has been proposed that natural samples avoid occupancies greater than 50% (Yamamoto
1977; Ribbe 1980; Fujino and Takéuchi 1978). The TiO2M-1(OH)-2 substitution
maintains charge balance and stabilises the crystal structure avoiding steric hindrance
between the two H atoms. If the occupancy of the H site exceeds 50%, distances
between centrosymmetric pairs of H atoms would range from 0.853 to 0.916 Å (Table
D9) for the structures refined in this study, leading to proton-proton repulsion. H
occupancies less than 50% are possible as long as the geochemical environment
provides sufficient F and/or Ti. Trace amounts of these ions or their complete absence
during formation requires H occupations above 50% (OH > 1 atoms per formula unit),
which, in turn, leads to two H sites in order to avoid short H-H distances (Yamamoto
1977; Ferraris et al. 2000; Lager et al. 2001; Berry and James 2001) (Fig. 8.2.1.b). This
suggests that the rare occurrence of nearly stoichiometric hydroxylclinohumite and
hydroxylchondrodite in nature is related to compositional rather than crystal-chemical
constraints (Berry and James 2001).

The F(OH)-1 substitution on the O/F-site does not significantly affect intra-
polyhedral bond distances and angles of clinohumites, except for one M3-O/F bond that
decreases from 2.070(2) Å in the F-free VM clinohumite to a distance of 2.050(2) Å in
the F-bearing KiL clinohumite. The change in this bond distance is accompanied by an
increase of one of the two inter-polyhedral M25-O/F-M3 angles from 128.74(10)° to
129.85(7)°. The shorter M3-O bond distance in F-bearing clinohumite is not what one
would expect based on the larger octahedral cation radius of Mg2+. In order to maintain
charge balance, the Ti4+ ¤ Mg2+ substitution locally occurs concomitant with O2- ¤
OH- substitution. The negative coupling of the Ti4+ content to the OH concentration also
causes a negative correlation between Ti4+ and F-. Therefore, the size-effect due to the
Ti4+ ¤  Mg2+ substitution (ionic radii (IR) = 0.605 and 0.72 Å, respectively) can be

counterbalanced by the opposed effect of the O2- ¤  OH- (IR = 1.36 and 1.34 Å,

respectively) as well as the OH- ¤ F- (IR = 1.34 and 1.30 Å) substitution.

The O/F◊◊◊O/F distance [2.958(2) Å] of F-bearing KiL clinohumite is slightly

longer than that of the F-free VM sample [2.898(2) Å], despite the nominally smaller
ionic radius of F relative to OH. In F-bearing KiL clinohumite, the H···O/F distance is
longer and the O-H···O/F angle narrower, even though the O-H bond lengths for the two
clinohumites are equivalent within experimental error. One would expect shorter H
bonds in F-bearing clinohumite because F- is a stronger hydrogen bond acceptor than

O2-. These seemingly anomalous variations can be interpreted in terms of the occupancy
of the H site, which is negatively correlated to the Ti-content (see above). The split H
site of the F-bearing clinohumite has a lower occupancy (41% versus 47%), which leads
to a reduced number of H bonds in this structure (82%) compared to F-free clinohumite
(94%). Vacant H positions result in anion-anion repulsion, which increases the mean
O/F◊◊◊O/F length. On the other hand, occupation of a H site results in an additional

cation-cation repulsion between H and the M3 metals (Fig. 8.2.2). These two effects
combine to produce a shearing of the M3-O/F-M3-O/F quadrilateral (Fig. 8.2.2) with
increasing F content (= decreasing H-occupation), making it more regular at high F-
content. The coordination of the O/F atom becomes less pyramidal and more planar.
The sum of the three M-O/F-M angles changes from 352.75° to 354.21°, which
corresponds to a reduction of the acceptor/donor function of the O/F atom.
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Figure 8.2.2. The crystal structure of clinohumite projected on the (001) plane with
bond distances from the VM sample. Open circles represent H sites; filled circles M
sites. The inset highlights the symmetrically distinct bonds and angles around the O/F
site. The O/F atoms associated with the two labeled M3-O/F bonds are located in the
polyhedral sheet below the one illustrated, i.e., the O/F◊◊◊O/F edge is not shared between

M3 octahedra. Distances are given in angstroms (Å).

Comparison of our neutron data with the X-ray data collected by Weiss (1997) for
a clinohumite (CH-13) of similar composition shows some significant differences in the
M3-O bond distances (e.g., M3-O2,1 = 2.194 Å, M3-O2,4 = 2.173 Å, M3-O/F = 1.980
and 1.988 Å in CH-13; Table D8). This difference could be due to the large relative
difference in the neutron scattering lengths of Mg and Ti, making our neutron data more
sensitive to the M3 atom position when compared to X-ray data.

The observed differences in individual bond lengths are also reflected in the unit-
cell parameters and volume (Table D2), as previously observed by Ribbe (1979). In F-
free titanian clinohumite and titanian chondrodite, Fujino and Takéuchi (1978) noticed a
slight increase in cell parameters, especially in the b axis, with increasing Ti content.
Since the M3-O/F bond is oriented almost parallel to the b axis, the preferred expansion
of the b axis supports this hypothesis. If one compares intra-polyhedral bond distances
and polyhedral volumes (Table D8) of the KiL and the VM clinohumite, as well as the
quadratic elongations of the polyhedra, it is evident that most coordination polyhedra do
not contribute significantly to the difference in molar volume. Only the M25O6

polyhedron shows a relevant volume difference. In particular, the M25-O2,2 bond
length increases with decreasing F and increasing Ti content from 2.061(1) Å for the
KiL clinohumite to 2.080(2) Å for the VM clinohumite. This can be explained by the
fact that local Ti4+ occupation on M3 leads to a stronger M3-O2,2 bond. This weakens
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and thus lengthens the M25-O2,2 bond. Since this bond, like the M3-O/F bond, lies
nearly parallel to the b axis if projected in the (100) plane, the b axis will be most
affected by an increase in Ti concentration (Table D2). Only a few of the intra-
polyhedral and inter-polyhedral angles are significantly different (up to 1.81°, Table
8.2.1) between the two clinohumite structures; most of the angles remain constant
within 0.6°. It is not surprising that the angles, which are most sensitive to the OH/F
ratio, are associated with the M3 and the M25 octahedra.

Table 8.2.1. Selected intra-polyhedral and inter-polyhedral angles (°) in clinohumites
displaying the greatest differences (D)

VM D (°) KiL

O1,3-M25-O/F 104.99(8)  1.81 103.18(7)
M3-O2,4-Si2 123.8(1)  1.32 122.52(8)
M25-O/F-M3 128.7(1) -1.11 129.85(7)
O2,2-M3-O2,4 171.0(1) -1.04 172.01(8)
O1,4-M26-O2,3 110.45(9)  0.97 109.48(7)
O2,3-M25-O/F 162.57(8) -0.85 163.42(7)
O2,4-M25-O/F 92.95(7) -0.84 93.79(6)

O2,2-M3-O/F 92.75(9)  0.83 91.92(7)

Space-group violations

As described above, a random but mutually exclusive distribution of the H atoms
at the centrosymmetrically related positions has to be assumed due to H-H repulsion. It
is possible that the H atoms could become ordered at lower temperatures leading to a
reduction in space-group symmetry. We did observe a few weak [with a maximum of F
£ 6s(F)] reflections that violated the space-group symmetry. These were present at each

temperature and mainly affected the b-glide plane [0kl: k = 2n + 1] and, to a lesser
extent, the 21 screw axis [h00: h = 2n + 1]. However, the 'forbidden' reflections were not
the same in all the samples and no new violations were observed at lower temperatures.
Furthermore, the intensity of these reflections was essentially independent of
temperature. Single-crystal TOF data of the VM clinohumite at 295 and 20 K and X-ray
single-crystal data of the KiL clinohumite at 295 K confirmed the presence of the same
symmetry-forbidden reflections observed in the equivalent single-crystal neutron data
sets on the HB2a diffractometer at ORNL (Fig. 8.2.3). Thus it seems unlikely that they
are due to H ordering alone. As only a few weak peaks are present in each data set, the
refinement in space group P21/b is justified. Refinement of the X-ray structure in space-
group P21 was attempted but did not improve the R  values of the fit, despite a
significant increase in the number of refinable parameters. The observed differences in
bond lengths between P21 and P21/b were also within the expected range and did not
support a non-centrosymmetric model. In addition, piezoelectric measurements of the
KiL clinohumite did not show any indication of a piezoelectric effect. The interpretation
that the space-group violations are due to Renninger Umweg effects was excluded
because the Bragg intensity was constant with varying psi angle. The most probable
interpretation is local ordering of H, and possibly Ti, which might account for the
observed reflections as suggested by Smyth et al. (1994). As pointed out above, both
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centrosymmetrically related H positions cannot be simultaneously occupied because of
H-H repulsion. This means that the centre of symmetry is locally violated by H atoms.
Ordering would give rise to enantiomorphic domains of local symmetry P21 and Pb, the
coexistence of which would eliminate any observable piezoelectric effect. A larger
domain size in the KiL gem-quality specimen would account for the stronger reflections
observed.

Figure 8.2.3. Space-group violating reflections of the VM clinohumite from TOF data.

8.3 Discussion of the compressibility of TF chondrodite (Friedrich et al. 2001b)

The isothermal bulk modulus of the TF chondrodite (XOH = 0.42; K0,T = 117.0(4)
GPa) determined by X-ray single-crystal diffraction (chapter 6.5.2) is consistent with
the bulk modulus (KS = 118(2) GPa) determined from Brillouin-scattering of a sample
from the same locality with XOH = 0.68 (Sinogeikin and Bass 1999). Sinogeikin and
Bass (1999) have discussed the possibility that the OH content of their chondrodite
sample is too high based on the uncertainties in the measurement of the F content by
electron microprobe analysis and comparisons with published chemical analyses (Ribbe
1979, 1980). The neutron single-crystal structure refinement of the TF chondrodite also
suggests a lower OH content for the sample used by Sinogeikin and Bass (1999).
Synthetic hydroxylchondrodite has a bulk modulus of K0,T = 115.5(6) GPa (Ross and
Crichton 2001), which is slightly, but significantly smaller than K0,T  of the F-bearing
chondrodite. This result confirms that the chondrodite structure becomes more
compressible with increasing OH content. This is consistent with the unit-cell volume
increase associated with the substitution of the larger OH ion for F.

Faust and Knittle (1994) investigated the compressional behaviour of a F-rich
chondrodite with XOH = 0.27, resulting in K0,T = 136(9) GPa and KT´ = 3.7(4). These
data were measured by synchrotron X-ray powder diffraction using a diamond-anvil
cell. The errors are large due to the large uncertainties in pressure and unit-cell volume.
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The authors used only the ruby fluorescence technique for pressure determination,
which is sensitive to small temperature variations. In addition, the unit-cell volumes
were calculated from only eight reflections in the powder diffraction pattern. Hence, a
fit of KT´ is not reliable. If their data are refit with KT´ ∫ 4.9 – 5.5, bulk moduli range

from 118 to 125 GPa, which is in closer agreement with the results of this study and the
single-crystal compression measurements of Ross and Crichton (2001). If the mean
values of K0,T  and KT´ obtained by Faust and Knittle (1994) were correct, their equation
of state might be an indication of a nonlinear change in the elasticity with F-content.
Kuribayashi et al. (1998) reported a bulk modulus of K0,T = 136(2) GPa  with KT´ ∫ 4

for a F-bearing chondrodite measured by means of single-crystal X-ray diffraction in a
diamond-anvil cell. This value is similar to that of Faust and Knittle (1994).
Unfortunately, the OH content was not reported.

The axial compressibilities show anisotropic behaviour (Fig. 8.3), as described
previously (Ross and Crichton 2001; Kuribayashi et al. 1998). The a axis is least
compressible, showing a significantly different behaviour than the b and c axes. In
contrast to the hydroxylchondrodite, the TF chondrodite, as well as the F-bearing
chondrodite reported by Kuribayashi et al. (1998), show a slight difference between the
compressibilities of the b and the c axes with the b axis being the more compressible.
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Figure 8.3. Behaviour of normalized cell parameters and unit-cell volume as a function

of pressure.
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8.4 Discussion of the structural high-pressure results of TF chondrodite (X-ray
data) (Friedrich et al. 2001b)

Figure 8.4. [100] projection of the crystal structure of  F-bearing chondrodite at
ambient conditions. Small white spheres represent H sites, darker spheres O3 sites. An
unshared O-H◊◊◊O-H edge is shown at the origin of the unit cell.

The structural changes that occur at high pressure are most easily interpreted in
terms of the behaviour of individual polyhedra. The SiO4 tetrahedron is relatively
incompressible whereas the MO6 octahedra tend to become smaller and more regular
(within standard deviations) at higher pressures, as can be seen by the quadratic
elongation parameters (Table E2). The high-pressure behaviour of F-bearing
chondrodite is similar to that observed in forsterite, which has a structure closely related
to that of the humites (Hazen 1976; Hazen and Finger 1980; Kudoh and Takéuchi
1985). The largest differences in polyhedral volume, as well as bond lengths, intra- and
inter-polyhedral bond angles with pressure occur in the M2 octahedron. This is not
surprising as the M2 octahedron is located at the flexion points of the serrated
octahedral chains (Fig. 8.4) and has the largest polyhedral volume at ambient
conditions. The M1 octahedron shares edges with M2 and M3 octahedra within the
(100) plane and with SiO4 tetrahedra above and below this plane. Therefore, it is
constrained with the polyhedral framework. The M3 octahedron is surrounded by three
edge-sharing octahedra (M1, M2, M3) within the (100) plane, resulting in a rather
symmetric bonding pattern. In contrast, the environment of the M2 octahedron is
asymmetric in terms of the edges shared with M1 and M3 octahedra and the Si
tetrahedron above (or below) (Fig. 8.4). Therefore, cation-cation repulsion between the
asymmetrically arranged neighbours (M cations) distorts the M2 octahedron and moves
the cation off-centre in a direction away from the octahedral chain. As a result of the
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off-centring, the M2 octahedron has the two longest M-O bond distances [M2-O2 =
2.25(1) Å, M2-O3 = 2.21(1) Å] in the chondrodite structure (Table E2). These long
bond distances are most easily compressed, which is consistent with the large
compressibility parallel to the b axis. The displacement of the M2 cation also affects the
intra- and inter-polyhedral bond angles, in particular those associated with O3 and O/F.
For example, the Si-O3-M2 inter-polyhedral angle within the (100) plane is reduced by
2.1(3) º, indicating a kinking between corner-sharing SiO4 tetrahedra and M2O6

octahedra. The largest change of + 3.8(5) º with pressure occurs for the M2-O3-M2
angle, which connects a (100) layer with the layer above and below, respectively, and
this could account for the stiffness of the a axis.

8.5 O-D···F/O bond geometry of TF chondrodite at high pressure (neutron data)
(Friedrich et al. 2001b)

8.5.1 Experimental: Powder neutron diffraction measurements

About 170 mg of powdered sample of the synthetic deuterated F-bearing
chondrodite (runs PU835 and PU850, Table 4.2, chapter 4.2.1) were loaded into a type
V4b Paris-Edinburgh high-pressure cell (Besson et al. 1992; Fig. 8.5.1.a) equipped with
standard profile WC/Ni-binder anvils. The sample was confined between the anvils by a
soft-metal-encapsulated (SME), single-toroid gasket consisting of a null-scattering Ti-
Zr alloy (Marshall and Francis 2001; Fig. 8.5.1.b). A standard 4:1 by volume mixture of
deuterated methanol and ethanol was used as the pressure-transmitting medium. Oil
pressure in the in situ ram was raised using a hand-operated hydraulic pump.

Time-of-flight (TOF) neutron powder diffraction data were collected at 0.0001,
1.26, 2.89, 3.87, 5.27 and 7.04 GPa on the PEARL/HiPr diffractometer at the U.K.
pulsed spallation source, ISIS. Integrated ISIS currents ranged from 1493 µA·h (~8.5 h
at 175 µA proton current) to 2093 µA·h (~12 h) for the non-ambient conditions
experiments. Because of limited neutron beam time, data were collected at ambient

Figure 8.5.1.
(a) Loaded Paris-Edinburgh
high-pressure cell.
(b) The new gasket design.

(a)

(b)
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pressure in the pressure cell for only a little more than 1 h  (193 µA·h). Even so, this run
was important in that it provided the ambient conditions unit-cell volume from which it
was possible to obtain the non-ambient conditions run pressures from the EOS of TF
chondrodite determined from the single-crystal unit-cell data (chapter 6.5.2).

The overall d-spacing focussed time-of-flight powder diffraction pattern obtained
using the PEARL/HiPr 90o detector bank was corrected for neutron attenuation by the
anvil and gasket materials and normalised to the incident spectrum using a local routine.
Rietveld (1969) profile analysis for multiple-phase samples (chondrodite, WC, Ni), as
coded in the General Structure Analysis System (GSAS; Larson and Von Dreele 1994),
was used for the structure refinements. Although the WC anvils were shielded with
cadmium foil, a small amount of contaminant Bragg scattering from the anvil materials
was observed in all profiles (WC + Ni, which is the binding material of the WC anvils).
Starting parameters for the refinements were those gained from the previous low-
temperature data (chapter 8.2; Table D6). Due to the new gasket design (Fig. 8.5.1.b)
and the use of the fluid pressure medium, no peak broadening and hence no strain
within the sample was observed at increasing pressure (Fig. 8.5.2).

The unit-cell parameters for (OD,F)-chondrodite from data collected in the Paris-
Edinburgh cell were significantly less than expected based on the single-crystal results
from TF chondrodite. The deviation reflected an incorrect value for the DIFC
diffractometer constant resulting from a change in the PEARL/HiPr primary flight path,
L1. This shift was itself due to a small displacement of the ISIS target during the
previous spring shutdown. To correct for this effect, the DIFC diffractometer constant
was refined from NBS Si calibration data at ambient pressure and fixed at this value for
the refinements of the chondrodite data.

A total of 57 – 60 variables were refined at nonambient pressures and 17 variables
at ambient pressure. Refinements included 3403 – 3550 Bragg reflections over the d-
spacing range 0.5 < d < 4.14 Å. The TOF peak profile was modelled by an exponential
pseudovoigt function (function 3); the background by a standard 10-term cosine Fourier
series (function 2; Larson and Von Dreele 1994). The D-site occupancy was refined at
the lowest pressure with the constraint Â(OD + F) = 1, and then fixed in the other high-

pressure refinements. The D-site occupancies of the synthetic [0.45(5)] and natural

Figure 8.5.2. Peak widths
(FWHM) for OD-chondrodite
(old gasket) and (OD,F)-
chondrodite (encapsulated
gasket) as a function of
pressure. FWHM refers to the
Gaussian part of the intrinsic
sample contribution to the
overall peak width.
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[0.42(1)] samples were within one esd. The structure refinements revealed unreasonably
long Si-O bond lengths (~1.68 Å), and a non-rigid behaviour of the Si tetrahedron with
pressure. One possible explanation for this observation is that the atomic coordinates of
Si are less accurate because Si is the weakest neutron scatterer in the structure. To more
realistically model the behaviour of the tetrahedron, soft constraints (restraints) were
applied to the Si-O bond distances based on the values determined in the X-ray
refinements (Baerlocher 1993). The final refinement profile at 7.04 GPa is shown in
Fig. 8.5.3. Atom positions and isotropic atomic displacement parameters are given in
Table E3. Refined unit-cell parameters and selected O-D···O interatomic distances and
angles at high pressure are presented in Tables E4 and E5, respectively.

Figure 8.5.3. Observed (crosses) and calculated (line) TOF neutron powder diffraction
pattern of (OD,F)-chondrodite at 7.04 GPa, and difference plot. Peak positions are given

for Ni (top), WC (centre) and chondrodite (bottom).

8.5.2 Discussion

Despite the relatively large errors associated with the O-D◊◊◊O/F and O-D◊◊◊O1

bonds and angles, several significant trends can be recognised (Table E5; Fig. 8.5.4). A
more correct labeling of the O-D◊◊◊O/F hydrogen bond, where the donor label O refers

to the O/F site, would be O-D◊◊◊F, because within this Ti-free compound an OD group is

always adjacent to an F atom (on the disordered O/F site) in the local environment. For
bond-valence reasons an F-D bond is not possible. Therefore, an O-D◊◊◊O hydrogen

bond is only formed with the oxygen atom on the O1 site. However, we will refer to the
site label O/F for the acceptor in the following in order to be consistent with former

descriptions. The changes that occur at high pressure can be interpreted in terms of a
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rotation of the O-D vector into the cavity surrounding the deuterium atom (Fig. 8.2.1.a).
As a result of this rotation, the straight angle (O-D◊◊◊O/F) widens and the bent angle (O-

D◊◊◊O1) becomes narrower. The widening of the O-D◊◊◊O/F angle and compression of

the O/F◊◊◊O/F distance increase the strength of the D◊◊◊O/F hydrogen bond, which

decreases in length from 2.04(2) Å at ambient to 1.99(2) Å at 7.04 GPa.  In contrast, the
D◊◊◊O1 distance remains constant because the increase in length due to rotation of the O-

D vector is apparently compensated for by the compression of the O/F◊◊◊O1 distance.

The O-D distance remains relatively constant as a function of pressure, as
observed in several neutron powder diffraction studies (e.g., Parise et al. 1994; Kagi et
al. 2000). With the exception of the 7.04 GPa refinement, O-D distances vary within
about one standard deviation. The significance of the decrease from 5.27 to 7.04 GPa
[0.97(2) to 0.93(2) Å] is difficult to evaluate without additional data at higher pressure.
As discussed above, the O/F atom acts as both donor and acceptor in the hydrogen bond
interaction in F-bearing chondrodite because the centrosymmetrically related H atoms
are disordered (Fig. 8.1.1 and 8.2.1.a). This gives rise to a static disorder in the O/F
position, which is reflected by a relatively long O-H distance [1.028(4) Å in F-bearing
chondrodite versus 0.969(1) Å for the mean value determined from neutron diffraction
studies (Ceccarelli et al. 1981)]. A small decrease in this apparent distance might be
expected at high pressure as the degree of static disorder of the O/F atom becomes less
in response to a shortening of the hydrogen-bond distance.

Figure 8.5.4. Hydrogen bonding in (OD,F)-chondrodite as a function of pressure.

8.5.3 Comparison to infrared-spectroscopic data

Infrared-spectroscopic data collected by Williams (1992) for an F-bearing
chondrodite showed that two of three hydroxyl-stretching vibrations (at 3690 and 3568
cm-1) shift to higher frequencies with compression, while the lower frequency vibration
(at 3382 cm-1) shows a negative shift. He explained the anomalous positive shifts by an
enhancement of H-H repulsion associated with the hydroxyl groups bound to the M3
polyhedra. The negative pressure shift was attributed to significant hydrogen bonding
with the hydroxyl associated with the M2 site. However, as noted by Lager et al.
(2001), this interpretation is not consistent with crystallographic data. There is only one
hydroxyl group in F-bearing chondrodite, which is associated to both the M2 and M3
sites. The two different hydroxyl groups described by Williams (1992) are in fact
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symmetrically equivalent. In addition, the positive frequency shifts cannot be related to
the enhancement of H-H repulsion at pressure because the H atom is disordered and
adjacent H sites are never occupied simultaneously. Short H-H distances (< 1 Å) are an
artefact of the average structure determined by diffraction methods and do not exist in
the local structure probed by spectroscopic methods.

Kuribayashi et al. (1998) observed five OH vibrations in a pressure-dependent
FTIR measurement of F-bearing chondrodite. Three peaks occur around 3550 cm-1 and
are shifted to higher wavenumbers with compression, whereas two peaks around 3400
cm-1 are shifted to lower wavenumbers. This trend is comparable to that detected by
Williams (1992). Strengthening of hydrogen bonding due to shortening of O◊◊◊O
distances was suggested as the probable cause of the negative shifts.

Raman-spectroscopic investigations by Lin et al. (1999) showed that the
frequencies of all Raman bands of F-bearing chondrodite and hydroxylchondrodite
increase with pressure. Positive pressure dependencies in the O-H stretching
frequencies were observed for both samples, associated with both the symmetric and
asymmetric vibrations. For F-bearing chondrodite these shifts were attributed to
compression mechanisms which involved the elongation of hydrogen bonds.

Cynn and Hofmeister (1994) and Hofmeister et al. (1999) have suggested an
alternative explanation for the positive frequency shifts in dense hydrous magnesium
silicates. High-frequency bands reflect weak hydrogen bonding and may show positive
pressure shifts related to O-H bond compression. According to Hofmeister et al. (1999),
the O-H bond can behave as a normal metal-oxygen bond during compression if there is
a weak hydrogen-bond interaction. Bending of the O-H···O angle and a corresponding
weakening of the hydrogen bond, could also explain the positive shifts, as discussed for
phase B, Mg12

VISiIVSi3O19(OH)2, (Hofmeister et al. 1999).
Based on the results of this study, the positive pressure shifts in the OH vibrational

frequencies of F-bearing chondrodite up to at least 7 GPa cannot be due either to a
lengthening of hydrogen bonds, or to increased H-H repulsion. Although the decrease in
the length of the D◊◊◊O/F hydrogen bond is only slightly larger than 2 esds, the change is

consistent with the shortening of the O/F◊◊◊O/F distance and the increase in the O-

D◊◊◊O/F angle.  Without data at higher pressures, and in view of the disordered O-

D◊◊◊O/F interaction, it is more difficult to evaluate the proposal by Hofmeister et al.

(1999) that positive pressure shifts could be related to O-H bond compression.
Nevertheless, the decrease in the O-D bond length at 7.04 GPa is consistent with this
interpretation. Higher precision neutron data and single-crystal spectroscopic
measurements at high pressure are required to unambiguously resolve the origin of
these shifts as well as the differences observed among F-bearing chondrodites.

8.6 Discussion of the compressibility of KiL clinohumite

There is only a limited amount of literature data available to reveal the effect of
F(OH)-1 substitution on the compressional behaviour of clinohumites. Synthetic
hydroxylclinohumite has a bulk modulus of 119.4(7) GPa with a pressure derivative K¢
of 4.8(2), as measured by means of single-crystal X-ray diffraction in a diamond-anvil
cell (Ross and Crichton 2001). Results from Brillouin-scattering of a natural F-bearing
clinohumite with XOH = 0.71 (Fritzel and Bass 1997) revealed a KS of 125(2) GPa,
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which supports the theory of a correlation between the higher F-content and the lower
compressibility, as previously shown for chondrodite. The compressibility of the KiL
clinohumite (XOH = 0.40, XF = 0.54; chapter 6.5.3) does not show a large difference to
these data. A fit of both K0 and K¢ resulted in 119(3) GPa and 6.3(8), respectively. The

standard uncertainties are relatively high, hence making the interpretation of the
influence of F difficult. The bulk modulus is quite similar to that observed for pure
hydroxylclinohumite, while its pressure derivative is uncommonly high if compared to
data of other chondrodites and clinohumites. Fitting the 3BM EOS with K¢ fixed to 5,

which is a more reliable value for humite minerals, gives a bulk modulus of 123.6(8)
GPa, which is in closer agreement with the data obtained by Brillouin scattering.
Nevertheless, different to chondrodite (Faust and Knittle 1994; Kuribayashi et al. 1998),
no especially large increase of the bulk modulus was observed at this higher F-content.
Ross and Crichton (2001) suggested a smaller effect of F(OH)-1 substitution on the bulk
modulus for clinohumites than for chondrodites, which should be due to the smaller
variation in unit-cell volumes at ambient conditions.

Figure 8.6. Behaviour of normalised cell parameters and unit-cell volume as a function

of pressure.

The axial compressibilities show anisotropic behaviour (Fig. 8.6), similar to that
observed for TF chondrodite (as shown above) and for hydroxylclinohumite (Ross and
Crichton 2001), the a  axis being least and the b axis most compressible. Hence,
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hydroxylchondrodite shows an exceptional behaviour with the same axial
compressibiltiy for both the b and the c axes. It might be considered that the anomalous
behaviour is caused by the position of the second H site and its hydrogen bonds. Why
this effect does not contribute to the clinohumites in the same way could be explained
by the higher amount of Mg(O,OH)6 octahedra within chondrodite. The difference
between the axial compressibilities of the b and the c axes are also smaller for the TF
chondrodite than for the KiL clinohumite.

8.7 Discussion of the high-pressure structural data of hydroxylclinohumite

Intensity data were only collected at 4.0 GPa (chapter 6.6.3). A comparison with
existing structural data at ambient conditions is difficult, as the existing neutron and X-
ray data show strong differences in bond lengths (Table E, appendix E). Furthermore,
the structure is quite complicated for the refinement of high-pressure data, having a
large number of refinable parameters. More data at various pressures and a reference
measurement under ambient conditions with the sample situated in the same
environment (in the high-pressure cell) would be needed for a reliable comparison of
results and the extraction of the relative changes of bond lengths and angles with
pressure.

8.8 Discussion of the high-pressure structural data of hydroxylchondrodite

The data evaluation is still ongoing. All of the few OD-chondrodite single crystals,
which were suitable for diffraction studies, showed twinning and parallel intergrowth.
The best crystal was chosen for the data collections (chapter 6.6.4). Twinning along the
(001) twin-plane could not be prevented. A proper integration and refinement of the
data is difficult due to overlapping reflections of both non-merohedral twin components.
This is further complicated by the fact that the data were measured at high pressure
using a diamond-anvil cell. The present results do not show bond distances reliable
enough to evaluate structural trends with increasing pressure.
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9. Hydroxides: Ba(OH)2 and Sr(OH)2

9.1 Previous work

The crystal structure of Sr(OH)2 was first described by Von Grueninger and
Bärnighausen (1969). In 1995 the deuterium positions were determined from a powder
neutron diffraction study of a deuterated sample (Partin and O’Keeffe 1995). Powder X-
ray diffraction and thermal decomposition studies, such as thermogravimetry (TG),
differential thermal analysis (DTA) and differential thermal gravimetry (DTG), were
carried out on the hydrates of Sr(OH)2 by Berggren and Brown (1971), and Dinescu and
Preda (1973). Raman and infrared (IR) spectroscopic studies on Sr(OH)2 and its
hydrates (Lutz et al. 1981b) were continued by a high-pressure Raman study of Sr(OD)2

up to 5 GPa (Jung and Lutz 1996).
Two modifications of Ba(OH)2 have been described in the literature (Michaud

1968; Buck and Bärnighausen 1968; Lutz et al. 1969), a low-temperature b phase and a

high-temperature a phase. Several studies dealt with the thermal decomposition of

barium hydroxide and its hydrates. TG and DTA curves between 273 and 1173 K were
measured by Habashy and Kolta (1972), TG by Michaud (1968) and thermoanalytical
measurements (DTA, TG, DTG, high-temperature X-ray diffraction and high-
temperature Raman scattering) on the hydrates of barium hydroxide by Lutz et al.
(1981a, 1981b). Further DSC (differential scanning calorimetry) and DTA data were
reported by Maneva-Petrova and Nikolova (1985), standard enthalpies of formation and
heat capacities by Konings et al. (1988, 1990). The b-to-a phase transition was studied

in detail by calorimetric, X-ray powder diffraction, IR-spectroscopic, and thermal
analysis (DSC) techniques by Cordfunke et al. (1996). The phase transition was
reported to occur at 526(2) K (Cordfunke et al. 1996). It is irreversible and quenchable,
which means that the a phase only successively transforms back to the b phase at long

storage times or extremely slow cooling rates. The back transformation can be catalysed
by the presence of small amounts of water. Therefore, the a phase is metastable at room

temperature in the absence of humidity (Cordfunke et al. 1996). The crystal structure of
a-Ba(OH)2 was solved from single-crystal X-ray measurements (Lüke 1973), with only

calculated H sites in the model. In 1997, the crystal structure of b-Ba(OD)2 as well as

the D sites of a-Ba(OD)2 were located from neutron powder diffraction data by

Denzinger (1997). The polymorphs of Ba(OH)2 were also investigated by IR and
Raman spectroscopy (Lutz et al. 1981b).

9.2 Low-temperature powder neutron diffraction study of Ba(OD)2 (Friedrich et
al. 2001c)

In this study b- and a-Ba(OD)2 have been structurally investigated at different

temperatures between 552 and 10 K (Fig. 9.2.1). A new metastable low-temperature
polymorph was found. The investigation of the temperature-dependent structural
behaviour revealed the driving mechanism for the a-am phase transition. Further
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investigations on this phase transition are ongoing by the use of spectroscopic and
diffraction methods.

Figure 9.2.1. Comprehensive overview of the phase transitions in the system Ba(OD)2.

9.2.1  Experimental

Approximately 10 cm3 of powdered b-Ba(OD)2 were loaded into two vanadium

cans under a helium atmosphere, using a gold wire for sealing. Neutron powder
diffraction data were collected on the D2B high-resolution two-axis diffractometer at
the high-flux reactor of the Institut Laue-Langevin (ILL), Grenoble, France. Powder
diffraction patterns were measured at 480, 420, 300, 250, 200, 150, 100, 50 and 10 K
for b-Ba(OD)2, at 552, 480, 200 and 150 K for a-Ba(OD)2, and at 100, 50 and 10 K for

new am-Ba(OD)2. The samples were equilibrated at temperatures between 10 and 300 K

for 10 min each before measurement and at higher temperatures for 15–30 min. A
wavelength of 1.594 Å was selected with a (335)Ge monochromator at a take-off angle
of 135°. The (angle-dispersive) data were collected in several scans in the range of 0 £
2q £ 160° with ~50 steps of 0.05° stepsize in 2q, using 64 detectors at 2.5° intervals.

The vanadium can was mounted on the centre stick of a top-loading ILL gas-flow
helium cryofurnace or cryostat for all measurements.

The structures were refined using the General Structure Analysis System (GSAS;
Larson and Von Dreele 1994). Starting values in the refinements for b-Ba(OD)2 and a-

Ba(OD)2 were those reported by Denzinger (1997) and Lüke (1973), respectively. The
cryostat produced a single aluminium reflection between 145 and 148° 2q, which was

excluded from the diffraction patterns during refinement. Peak splitting and additional
peaks at higher 2q angles indicated a loss of symmetry elements and a reduction in

space-group symmetry for am-Ba(OD)2 (Fig. 9.2.2). Systematic absences and group-

subgroup relationship suggest the space-group P21/n as the highest symmetry possible.
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Structural models were refined by varying lattice parameters and all atomic positions
with isotropic displacement parameters. For the refinement of a-Ba(OD)2 at 150 K the

isotropic displacement parameter of the Ba1 atom was fixed to a value of 0.002 Å2. The
background was modelled by a shifted Chebyshev function (function 1; Larson and Von
Dreele 1994) using 15 refinable background coefficients for most diffraction patterns.
Data of am-Ba(OD)2 at and below 150 K were refined with 24–36 coefficients. Scale

factor and profile functions were also refined. The Gaussian and Lorentzian lineshape
parameters (GU, GV, GW and LX), as well as the asymmetric parameter of a
pseudovoigt function were varied during refinement of the b phase, and GW, LY and

the asymmetric term for the a and am phases.

Unit-cell parameters and the final discrepancy factors are summarised in Tables
F1 and F2, appendix F. Atomic parameters and isotropic displacement factors are given
in Tables F3-F5. Selected interatomic distances are given in Tables F6 and F7.
Hydrogen-bond parameters are listed in Tables F8-F10.

9.2.2 Results and Discussion

Crystal structures

The b phase of Ba(OD)2 is the stable low-temperature phase and crystallises in

space group P21/n. The crystal structure can be described by a distorted hexagonal
close-packing of Ba atoms in an AB stacking sequence (Denzinger 1997; Bärnighausen
et al. 1997). All tetrahedral and octahedral voids are occupied by O or D atoms. Two of
four hydroxyl ions are coordinated by distorted barium octahedra, the others by
distorted trigonal bipyramids. Two barium sites are distinguished, Ba1 coordinated by

Figure 9.2.2. Powder diffraction
patterns of b-, a- and am-Ba(OD)2 in a

selected 2q range.
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eight [8] and Ba2 by seven [7 + 1] oxygen atoms (Fig. 9.2.3.a). The face-linked
polyhedra form serrated double chains along the b axis. Those chains are connected via
edges along the a axis and form interstitials within a sheet, which are occupied by D
atoms. The sheets are interconnected via polyhedral edges or corners. Hydrogen bonds
exist within the cavities. The D1, D2 and D4 atoms are part of the hydrogen bonds
within the coordination polyhedron of the Ba1 atom.

Figure 9.2.3. Crystal structures of (a) b-Ba(OD)2 and (b) a-Ba(OD)2, projected along
the b and the c axis, respectively. Only the framework of Ba and O atoms is drawn.

The high-temperature a phase of Ba(OD)2 crystallises in space group Pnma. The

crystal structure (Lüke 1973; Denzinger 1997) shows three distinct barium sites, Ba1
coordinated by [8], Ba2 by [7 + 1] and Ba3 by [9] hydroxyl groups (Fig. 9.2.3.b). An
additional empty nine-coordinated interstitial holds hydrogen-bonded D atoms. The
hydroxyl ions are one-sided surrounded by Ba atoms, opposite to the hydrogen proton.
One of six hydroxyl ions (O2-D2) is coordinated by three Ba atoms and forms the top of
a trigonal pyramid. Three hydroxyl ions are coordinated by strongly distorted barium
tetrahedra and two by tetragonal barium pyramids. The D5 atom is located on the edges
of the Ba1 polyhedron and forms a weak hydrogen bond between the O atoms. The D1
and D6 atoms are also parts of weak hydrogen bonds within the coordination polyhedra
of the Ba1 and Ba3 atoms, respectively.

Phase transitions

The investigation of the b phase of Ba(OD)2 between 480 and 10 K does not show

any anomalous behaviour (Fig. 9.2.4). The unit-cell volume as well as the unit-cell
parameters [P21/n; a = 9.3772(2) Å, b = 7.8850(1) Å, c = 6.7629(1) Å, b = 95.6888(9)°

at 200 K] decrease slightly with decreasing temperature. Between 480 and 552 K the b
phase transforms to the a phase [Pnma; a = 10.9789(3) Å, b = 16.4317(4) Å, c =

7.0784(2) Å at 200 K], as reported previously (Cordfunke et al. 1996) and remains
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Figure 9.2.4. Unit-cell parameters of b- and a-Ba(OD)2 with temperature. Unit-cell

axes are given in Å, angles in degree and volumes in Å3. A clear discontinuity between
100 and 150 K indicates the a-to-am phase transition. Appropriate axes designations are

given for the high-temperature a phase versus the low-temperature am phase.
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metastable upon cooling. a-Ba(OD)2 also shows a slight decrease of the unit-cell

volume with decreasing temperature. The unit-cell parameters, however, show distinct
discontinuities between 150 and 100 K, which indicate the low-temperature a-to-am

phase transition. While the a axis is shortened towards lower temperature, the b and c
axes expand and the a angle increases, transforming to a monoclinic b angle [P21/n; a =

7.0832(2) Å, b = 10.8967(3) Å, c = 16.4306(5) Å, b = 91.060(2)° at 100 K]. The phase

transition is explained by an orthorhombic-to-monoclinic symmetry change (Pnma Æ
P21/n 1 1) and a transformation to standard settings by applying the transformation
matrix [0, 1, 0; 0, 0, 1; 1, 0, 0]. It is very unusual that a metastable high-temperature
phase shows a phase transition towards another metastable phase at low temperature. It
would be expected that the high-temperature phase transformed back to the stable low-
temperature phase, in this case the b phase. Instead a new am phase is formed. The

cooling rate from the 480 K measurement to 10 K was as fast as possible, taking about
2.5 to 3 h for whole equilibration in the low-temperature range, maybe preventing the a
phase to turn back to the b phase, but transforming to the am phase. On raising the

temperature the am phase reconverts to the a phase, which is unusual. It can be

explained by the close relationship between the structures of the orthorhombic and
monoclinic a phases, which is energetically preferable, while the structure of the b
phase is quite different and needs more activation energy for formation. It is not
possible to gain exact information on the order of the phase transition from these data,
as the steps in temperature were too large.

Structural correlations

bbbb-aaaa phase

As this is a reconstructive phase transition it is not surprising that the a phase can

be obtained as metastable. There is a change in coordination numbers and in the number
of different barium polyhedra. Furthermore, the relatively straight hydrogen bonds of
the b phase are replaced by weak, strongly bent and often bifurcated hydrogen bonds in

the high-temperature phase. The structural similarity between the a and the b phase can

be found when applying the transformation matrix [2/3, 0, 1/3; -1/3, 0, 1/3; 0, -1, 0] +
[0, 1/2, 1/2] to the a  phase (Fig. 9.2.5). Within the small cell, the (Ba2)b site

corresponds to the (Ba3)a site. The (Ba1)b site splits into (Ba1)a, which occupies a

special position on an m  plane, and (Ba2)a. The n-glide plane of the b phase

corresponds to the a-glide plane of the a phase. The unit-cell volume of the high-

temperature a phase is smaller than the comparable volume of the b phase. This is

mainly caused by a strong shortening of the ca axis, which corresponds to the (negative)

bb axis. The density of the high-temperature a phase is nevertheless lower than that of

the b phase. If one compares the number of formula units per unit cell, a ratio 5:6 =

a(552 K) : b(480 K) is obtained. The volume per formula unit gives 61.42 for the b
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phase and 66.19 for the a phase, confirming the usual expansive behaviour with

increasing temperature. Considering only the Ba sites within the unit cell, the a phase

contains 20 atoms per unit cell, while the b phase contains 24 atoms per unit cell,

corresponding to the above-mentioned ratio. The smaller unit-cell volume of the a
phase is compensated by the lack of four formula units (Fig. 9.2.5).

aaaa-aaaam phase

This order-disorder phase transition is typical for the reduction of the vibrational
energy at low temperatures, as the D1 atom, which is disordered over two positions at
higher temperature, is cooperatively frozen on one of the two positions, thus violating

Figure 9.2.5. Relationship between the
unit cells of b-Ba(OD)2 (smaller and

darker one) and a -Ba(OD)2 (large and

lighter), shown with the corresponding Ba
sites (arrows). The unit cell of the a phase

contains four formula units less than the
corresponding unit cell of the b phase,

which can be seen by the shift of four Ba
atoms across the border of the large unit
cell.

Figure 9.2.6. Observed (crosses)
and calculated (line) neutron
powder diffraction pattern of am-

Ba(OD)2 and difference plot.
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the m plane and reducing the space-group symmetry. am-Ba(OD)2 can be perfectly

refined in space group P21/n (Fig. 9.2.6). The powder data do not allow a distinction
between a centrosymmetric and non-centrosymmetric structure. An only small
improvement of the fit of a non-centrosymmetric model does not justify the
concomitant doubling of refinable parameters. The residual values are already excellent
for a centrosymmetric model. The unit-cell dimensions remain similar to those of the a
phase. Due to the reduction of the symmetry, the structure now shows five distinct
barium sites, which do not change their coordination. Only small structural changes
occur, which do not need high energies for reversion. The O1, O2, D1 and D2 atoms
occupy special sites on the m plane in the orthorhombic structural model of the a phase

and therefore form two equivalent hydrogen bonds in different directions. While the D2
atom hardly changes its hydrogen-bond geometry at lower temperatures, the D1 atom
begins to be displaced from the m plane, which is expressed by a much higher atomic-
displacement parameter compared with those of the other D atoms (Fig. 9.2.7). It
appears to dynamically occupy a split position and at even lower temperatures the phase
transition occurs when the D1 atom becomes trapped on one of the split positions, and
thus violates the m plane and forms two unequal hydrogen bonds. Strong bonding
occurs for the O1-D1···O3 bond, whereas the O1-D1···O3a bond, which has been
symmetrically equivalent, becomes very weak and has nearly no influence on the D1
atom (Fig. 9.2.8). This effect is even increased towards lower temperatures. The
resulting asymmetry is also reflected by a lengthening of the Ba3-O3 bond compared
with the Ba3a-O3a bond (Table F7). After the phase transition the isotropic atomic
displacement parameter of the D1 atom decreases to about half the value and adapts to
those of the other D atoms. These observations confirm the phase transition to be of an
order-disorder type. We suggest a dynamic disorder due to the large difference in
isotropic atomic displacement parameters and the reasonable explanation of freezing on
a split position at low temperature. Nevertheless, the development of isotropic atomic
displacement parameters with decreasing temperature shows the same gradient down to
the phase transition for the D1 atom as for the other D atoms. This could also indicate a
static disorder based on Landau theory (as shown previously for other substances, e.g.
Boysen 1992; Boysen and Lerch 1996; Lehnert et al. 2000), as the gradient of the D1
curve should show a steeper gradient in the case of a dynamic disorder.

If looking at a projection along the b axis of the am phase (Fig. 9.2.9), it can easily

be seen that all the D1, D2, D3, D3a, D4 and D4a atoms are arranged within the only
polyhedral cavity, which has no Ba atom in the centre. The D atoms are weakly
hydrogen-bonded across this void. This cavity is the most flexible part within the
structure and shows the strongest distortion by the low-temperature phase transition.
The shift of the D1 atom away from the mirror plane also influences the D3, D3a and
D4 atoms to shift and violate the mirrored structural arrangement. Changes of the weak
bi- and trifurcated hydrogen bonds of these D atoms occur. In addition, the Ba2-O4-Ba1
and O2-Ba2a-O4a angles increase, while the Ba2a-O4a-Ba1 angle decreases in the low-
temperature am phase. The interstitial is distorted in such a way that the Ba1-O3a-Ba2a

angle also increases. In this sense, the increasing monoclinic b angle and the increasing

a and c axes of the am phase can be explained. The distortion of the cavity and the

strengthening of the O1-D1···O3 hydrogen bond, which points to the direction of the b
axis within the (100) plane, are accompanied by a compression of the structural
framework along the b axis.
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Figure 9.2.7. Isotropic atomic-displacement parameters of non-equivalent D atoms of
a-Ba(OD)2 with temperature.

Figure 9.2.8. Mechanism of the order-disorder phase transition. The D1 atom violates
the m plane and hence forms two unequal hydrogen bonds. (a) a-Ba(OD)2, (b) am-

Ba(OD)2.
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Figure 9.2.9. Projection of a thin structural slice along the b axis of am-Ba(OD)2. An

interstitial that holds D1, D2, D3, D3a, D4 and D4a atoms and the widening Ba1-O3a-
Ba2a angle are indicated by dashed lines. Small arrows show the relative movement of
the deuterium sites during the phase transition.

Hydrogen bonds

bbbb-Ba(OD)2

The hydrogen-bonding scheme within the b  phase is very simple and

straightforward. Each of the four O atoms forms one hydrogen bond and serves once as
a donor and once as an acceptor. It is an undulated, homodrome system with a mean O-
D distance of 0.959(6) Å, O···O of 3.011(6) Å and O-D···O angle of 163.2(5)° at 300 K.
At decreasing temperature the hydrogen-bond strength increases. This is evidenced by a
uniform increase in O-D distances (Table F8) and parallel to it by a uniform decrease of
the O···O distances. The O1-D1···O4 and O4-D4···O2 angles are not sensitive to changes
in temperature, while the O2-D2···O3 angle slightly decreases and the O3-D3···O1 angle
increases with decreasing temperature.
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aaaa-Ba(OD)2

As we can expect, the hydrogen bonds in the high-temperature a phase are

weaker, stronger bent and often bifurcated, due to the lower density. The mean O-D
distance shrinks to 0.907 Å, the O···O distances increase and the O-D···O angle is
reduced to less than 155.8° at 200 K. The influence of hydrogen bonding within the
whole structural arrangement is decreased and only very weak D···O interactions exist
in most cases. The D atoms are strongly bonded within their O-D groups (Table F9). At
high temperature the D1 and D2 atoms show a bifurcation with symmetry. The D3 atom
shows a very weak single and the D4 atom a bifurcated O-D···O interaction (Table F10).
The D5 atom is part of a single and the D6 atom of a symmetrically bifurcated hydrogen
bond. With decreasing temperature towards the a-am phase transition, these interactions

and hydrogen bonds gain in strength as the O···O and D···O distances decrease
significantly. In most cases this is correlated with an increasing O-D···O angle (except
O1-D1···O3, which barely decreases, and O3-D3···O4, which is correlated with the
increasing angle of one of the O4-D4···O3 bonds in this O3-D3···D4-O4 arrangement.).
The only exception is shown by one of the two bifurcated hydrogen bonds of the D6
atom. As the O6-D6···O3 hydrogen bond becomes quite dominant and strong, the O6-
D6···O4 hydrogen bond loses its influence and becomes quite weak. This is in the same
way correlated with the formation of a new and very weak O4-D4···O6 hydrogen bond,
which makes the D4 atom hydrogen bonded in a trifurcated way. This correlation is due
to the D4-D6 repulsion within the O4-D4···D6-O6 arrangement, which reduces the O-
D···O angles.

aaaam-Ba(OD)2

After the phase transition the new am phase shows an even more complex

hydrogen-bonding system. As mentioned above, the D1 atom strongly prefers one
hydrogen bond towards the O3 atom, while the other one nearly loses all of its
influence. In a similar way the D2 atom now begins to prefer the hydrogen bond
towards the O4 atom, which gains in strength, while the other one towards the O4a
atom successively weakens. With further decreasing temperature these differences
increase in both the D1 and the D2 atom arrangements (Table F10). The O3a-D3a···D4-
O4 arrangement becomes more symmetric concerning the O-D···O angles, while the
O3-D3···D4a-O4a arrangement shows increasing asymmetry, as the O4a-D4a···O3
hydrogen bond is straightened. While the O3-D3···O4a hydrogen bond strength is
weaker after the phase transition, a new weak O3-D3···O5a hydrogen bond is formed,
making the D3 atom hydrogen bonded in a bifurcated way. The behaviour between the
D5, D6 and the new D5a and D6a atoms does not change a lot with symmetry
reduction. At decreasing temperature the D5/D5a atoms become stronger hydrogen
bonded and the bifurcation of the D6/D6a hydrogen-bonded atoms becomes more and
more unequal, as the O3a/O3 atoms are preferred as acceptors. The further correlation
in the O4a-D4a···D6a-O6a and O4-D4···D6-O6 environments can be seen even within
the only small changes.
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Thermal expansion

The thermal expansion of b-Ba(OD)2 was calculated from ten temperature data

points. The least-squares analysis of the temperature dependence of the lattice
parameters using second-order polynomials gives the following:
a = 9.3474(6) + 4.4(6) ¥ 10-5T + 5.2(1) ¥ 10-7T 2

b = 7.862(2) + 6.8(1.8) ¥ 10-5T + 2.6(4) ¥ 10-7T 2

c = 6.7511(8) + 3.2(8) ¥ 10-5T + 1.4(2) ¥ 10-7T 2

V = 493.7(2) + 8.7(1.8) ¥ 10-3T + 5.4(4) ¥ 10-5T 2,

where the temperature is in K.
Using these expressions the linear coefficients of thermal expansion for a temperature
T0 can be calculated according to ax = (1/x0)(∂x/∂T)p, where x0 is a reference lattice

constant at T0. For T0 = 273.16 K one obtains aa = 34.9(6), ab = 27(2), ac = 16(1), avol

= 76(4) in [10-6 K-1].

The linear and quadratic coefficients aij and bij of the thermal expansion tensor

were also calculated from a fit to the equation:
e a bij ij ijT T T T= -( ) + -( )0 0

2
, e ij = strain tensor,

where the temperature is in K and T0 = 273.16 K. The tensor components are given for a
Cartesian reference system, which is related to the crystallographic system according to
r r r r r r r
e e e e b e c1 2 3 2 3= ¥ , || || .and  The results are listed in Table 9.2. The longitudinal effect

along an arbitrary direction 
r r
e u ei i1 1

¢ =  is given by:
l l

l
T T u u T u u Ti j ij i j ij

-
= ¢ = ¢ + ¢ ( ) = + ( )0

0
11 11 11

2

1 1 1 1

2e a b a bD D D D ,

where l is the expansion along the direction of measurement.

 If 
r
e1

¢  is parallel to a lattice vector or a reciprocal lattice vector, the coefficients u i1  can
be obtained using the relations according to Haussühl (1983).

Table 9.2. Linear (aij) and quadratic (bij) coefficients of the thermal expansion tensor

ij aij  [10-6 K-1] bij [10-8 K-2]

11 33.8  5.3
22 26.7  3.3
33 16.0  2.1
13  -6.6 -1.3

9.3 Previous high-pressure investigations on hydroxides

In the following I will focus on in situ high-pressure diffraction and spectroscopic
studies on hydroxides. These go along with quench-experiments using piston-cylinder
and multianvil apparatuses, in order to investigate the stability of minerals and mineral
reactions at high pressure and temperature.
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The high-pressure study of structurally complex hydrous minerals, such as
hydrous silicates, does not easily reveal insight in the influence of hydrogen bonding on
the elastic properties of hydrous minerals. Alkaline-earth hydroxides X(OH)2 (X = Mg,
Ca, Sr, Ba) represent simple compounds, that allow the study of hydrogen bonding as a
function of pressure, temperature and chemical composition. Several high-pressure
studies were previously performed on hydroxides, mainly on brucite, Mg(OH)2, and
portlandite, Ca(OH)2 (Meade and Jeanloz 1990; Kruger et al. 1989; Meade et al. 1992;
Fei and Mao 1993; Duffy et al. 1991 and 1995; Parise et al. 1994; Catti et al. 1995; Xia
et al. 1998). The high-pressure investigations were further extended to transition-metal
hydroxides Z(OD)2, Z = Mn, Ni, Co, Fe, Cd (Nguyen et al. 1994; Parise et al. 1998a,
1998b). The major question, which is aimed to be unravelled by these investigations, is,
whether hydrogen bonding is induced by pressure, because this could stabilise OH-
bearing phases in the Earth’s interior.

In 1993, Leinenweber postulated a high-pressure phase transition of portlandite.
This first high-pressure hydroxide phase was confirmed and its structure solved by
Kunz et al. (1996). The work on Ca(OH)2-II was continued by Pavese et al. (1997) and
Leinenweber et al. (1997). The framework of the monoclinic structure (P21/c) is
isostructural to that of EuI2. The topology of this structure type is very similar to the one
of Sr(OD)2 (Partin and O’Keeffe 1995). This confirms the principle, that insights into
the structural behaviour at extreme conditions can be gained by replacing Mg2+ and
Ca2+ by higher-coordinated larger cations such as Sr2+ or Ba2+. Larger cations can
simulate higher pressures and thus provide information on the crystal chemistry (e.g., of
brucite or portlandite) at very high pressure by doing experiments at ambient conditions
or only moderate pressure (e.g., Ringwood and Major 1967). This was our motivation to
study the high-pressure behaviour of both Sr(OH)2 and Ba(OH)2. The structure of
Sr(OH)2 (Pnma) consists of [7]-fold coordinated strontium-hydroxide polyhedra. The
polyhedra share edges and form a three-dimensional network with channels along [001],
where the H atoms are located (Von Grueninger and Bärnighausen 1969; Partin and
O’Keeffe 1995). Sr(OD)2 was previously investigated by high-pressure Raman
spectroscopy (Jung and Lutz 1996). The structure has two crystallographic hydroxyl
ions, of which only one is involved in hydrogen bonding. The OD stretching mode
slightly increases with increasing pressure because the respective ion is not involved in
hydrogen bonds, while the wave-number of the OD stretching mode of the ion involved
in hydrogen bonds decreases due to a strengthening of the respective bonds with
increasing pressure.

9.4 High-pressure synchrotron powder diffraction study

In this study b- and a-Ba(OH)2 as well as Sr(OH)2 were structurally investigated

at high pressures in order to gain more detailed information on phase stability and phase
changes of hydrogen-bonded materials as a reaction on high pressure.

9.4.1 Experimental

Synthesis of Ba(OH)2 was described above (chapter 4.1). Sr(OH)2 was
commercially available (Aldrich, No. 42505-2). The CO2- and H2O-sensitive samples
were loaded into an ETH-designed diamond-anvil cell (Miletich et al. 2000) under an



74

argon atmosphere together with a small ruby ball for pressure calibration by the laser-
induced fluorescence method. The sample chamber (150(5) µm in diameter) was drilled
through tungsten gaskets (pre-indented to a thickness of 60 – 70 µm) using an
electroerosion drilling machine. The diamond-anvil cell was assembled without fully
closing the sample chamber and the whole cell was sealed in two plastic bags for
transportation to the cryogenic loading system. This should avoid contamination of the
H2O- and CO2- sensitive samples. The plastic bags were opened not before the cell was
flooded with argon gas and was subsequently loaded cryogenically with liquid argon,
which served as pressure-transmitting medium. Liquid argon was used instead of the
alcohol mixture, which always contains small amounts of water.

In situ high-pressure synchrotron X-ray powder diffraction data were collected for
each material at steps of approximately 1 – 2 GPa up to 13 GPa at the Swiss-Norwegian
Beamline (SNBL; BM1A) at the European Synchrotron Radiation Facilities (ESRF,
Grenoble, France). Two angle-dispersive powder diffraction patterns were collected at
all pressure points using a MAR345 image-plate system. One diffraction pattern was
collected at a sample-to-detector distance of 170 mm up to about 2q = 24°, while the

second exposure was recorded at a distance of 380 mm up to 2q = 45°. A wavelength of

0.8 Å was used. The absorption edge of tungsten near 0.8 Å helped to minimise
diffraction from the gasket. For two loadings, deviatoric stress was reduced at the
highest pressure by placing the entire diamond-anvil cell in an oven and heating the
whole assembly at 373–383 K during one hour.

1.0 GPa 2.5 GPa

11.7 GPa 13.0 GPa

5.4 GPa 7.3 GPa

9.0 GPa

Full powder-diffraction images were processed and integrated using FIT2D
(Hammersley 1998) (Fig. 9.4.1). Diffraction spots of solid argon and diamond
reflections were masked and thus excluded from integration. Rietveld refinements were
carried out with the General Structure Analysis System (GSAS; Larson and Von Dreele
1994). Starting values for the refinements of b-Ba(OH)2 and a-Ba(OH)2 were those

from the neutron powder diffraction measurements (chapter 9.2; appendix F). For the
refinement of Sr(OH)2 the structural data reported by Partin and O’Keeffe (1995) were
used as starting values. Lattice parameters, atomic fractional coordinates, and isotropic
displacement parameters for the barium atoms were varied. The displacement
parameters of the oxygen atoms were fixed. In addition, background coefficients of a

Figure 9.4.1.Diffraction
patterns of b-Ba(OH)2

at increasing pressure.
Above 1.2 GPa argon
crystallises and shows
spotty lines. Above 9
GPa peaks broaden.
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shifted Chebyshev function (function 1; Larson and Von Dreele 1994), scale factor and
a pseudovoigt profile function were refined. Additional diffracting phases, such as the
pressure-cell components (tungsten and beryllium) and the solidified pressure-
transmitting medium (argon), had to be included in the refinement as well (Fig. 9.4.2).

Unit-cell parameters and the final discrepancy factors are summarised in Table
G1, appendix G. Atomic fractional coordinates and isotropic displacement factors are
given in Table G2, selected interatomic distances in Table G3.

                      

Diamond anvil reflections
Beryllium
backing-
plate rings

tungsten-gasket rings

a-Ba(OH) 2 at 11.7 GPa

9.4.2 Results

bbbb-Ba(OH)2

At the closing pressure of 1.0 GPa unit-cell parameters of a = 9.3396(2) Å, b =
7.8550(2) Å, c = 6.7267(2) Å and b  = 95.607(2)∞ were refined for b-Ba(OH)2. All

reflections could be indexed and refined in space group P21/n, except those from the
tungsten gasket or the beryllium backing plates. Above 1.2 GPa, additional spotty lines
appeared. They were attributed to solid argon, the pressure-transmitting medium. With
increasing pressure an additional low-angle peak appeared, which revealed a d value of
6.15 Å at 4.9 GPa. This peak could not be indexed with the structure of the b  phase

(Fig. 9.4.3) and thus indicated a phase transition to a new b2 phase. The exact pressure,

at which the peak appears for the first time, could not be determined due to its low
initial intensity. However, the peak could be positively identified in the powder
diffraction pattern at 4.9 GPa, from where it slowly gained intensity up to 8.0 GPa. The
b2 phase could be indexed with a monoclinic unit cell using TREOR (Werner et al.

1985), with a = 11.6632(8) Å, b = 7.6684(5) Å, c = 10.7785(7) Å and b = 108.881(5)∞
at 5.40 GPa (Fig. 9.4.4). The symmetry is reduced in a group-subgroup relationship to
space group P21/c  as the highest symmetry possible. The P121/n 1 Æ  P121/c1

transformation can be described by the transformation matrix [ 1 , 0, 1; 0, 1 , 0; 1, 0, 1].
The a and c unit vectors of the b2 unit cell thus relate the [ 101] and [101] directions of

the b cell, respectively. This corresponds to a doubling of the b2 relative to the b unit-

cell volume.

Figure 9.4.2. Diffraction
artefacts from the pressure-cell
components.
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The powder diffraction pattern at 9.0 GPa showed the formation of a new b3

phase, as three additional weak low-angle peaks appeared at d values of 7.32, 6.90 and
6.47 Å (9.0 GPa) and the relative intensity of a few peaks changed (Fig. 9.4.3). This
second new phase could not be indexed due to strong peak broadening and hence
additional peak overlap caused by increasing non-hydrostaticity of the pressure
conditions. The b3 phase seemed to undergo yet another phase transition towards a b4

phase, as the powder diffraction pattern at 10.1 GPa showed more weak peaks (d = 7.13
and 5.96 Å). Furthermore, the intensity of the reflection (11 1) in the b model and (31 3)

in the b2 model, respectively, at d = 4.41 Å (9.0 GPa) decreased dramatically. These

new features remained after heating the cell and thus relaxing some of the deviatoric
stress, as evidenced by a decrease of peak width. Several attempts to index the b3 and b4

phase using TREOR (Werner et al. 1985), ITO (Visser 1969) and DICVOL (Louër 1992)
failed. There are three possible reasons for this failure: (1) The resolution of the powder
diffraction patterns is too low. (2) The unit cells of the new phases are larger in size
(additional low-angle peaks). (3) The symmetry of the new phases seems to be reduced
to one of the subgroups of P21/c, such as P21, Pc or P 1  (increasing number of peaks).

                         

Figure 9.4.3. Selected
integrated and scaled powder
diffraction patterns of b-

Ba(OH)2 and its high-pressure
phases as a function of
pressure (GPa) in a selected 2q
range.
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Figure 9.4.4. The unit-cell and space-group group-subgroup relationship of b- and b2-

Ba(OH)2.

aaaa-Ba(OH)2

The a  phase of Ba(OH)2 quenched from high temperature was studied in a

pressure range between 5.8 and 11.7 GPa. The high initial pressure resulted from the
uncertainty while closing the diamond-anvil cell under liquid argon. The starting
material was checked for purity by a capillary measurement before it was loaded into
the diamond-anvil cell. The powder diffraction pattern at 5.8 GPa looks quite different
from the one recorded within the capillary (Fig. 9.4.5). The sample seems to have
transformed to the b2 phase to a large extent. This could have happened either during

the loading procedure or by a pressure-induced transformation. The powder diffraction
patterns look like a combination of mainly b2 phase with some a phase. In fact, only the

first two peaks indicate the presence of small amounts of the a phase. Therefore, with

the data of the lower pressures, a structural model of the b2 phase was refined. Another

possibility of interpretation might be that the a phase shows a phase transition at

pressures below 5.8 GPa and transforms to an intermediate structural phase, which has a
structure between the a phase and the b2 phase. At 9.0 GPa an intensity gain was

observed for the peak at d = 6.09 Å, which has not been observed for the previously
discussed behaviour of the b  phase, and hence could be the indication for a phase

transition of the a phase (or the intermediate phase). This feature remained up to the

highest pressure investigated, and also during decompression down to 4.4 GPa. At
further pressure release down to 0.3 GPa, the whole diffraction pattern changed and
could be perfectly reproduced by a refinement with the structural model of the b2 phase.

The main peak, that indicates the a phase at d = 8.25 Å (ambient conditions)

disappeared completely. On subsequent pressure increase up to 8.4 GPa, this b2 phase

remained stable. This behaviour is remarkable since the decompression of the
compressed a phase produces the b2 phase within a pressure field where the b phase is
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still stable during compression. This could be an indication for the b-to-b2 phase

transition to be irreversible, which in turn points towards a first-order phase transition.

   

Sr(OH)2

A quality check of the commercially obtained Sr(OH)2 powder (nominal 99.998%
purity) revealed a mixture of Sr(OH)2, g-Sr(OH)2 ◊ H2O and a third unknown phase.

Hydration of the sample could have been an artefact of loading the capillary. Only two
weak peaks were not indexed by these phases and could account for the presence of a
third phase, which is neither Sr(OH)2 ◊ 8H2O nor SrCO3 (Fig. 9.4.6). As the sample

should be 99.998% pure Sr(OH)2, our first suggestion was, that the third phase might be
another, unknown reaction product with water. The powder diffraction patterns of the
first loading of the diamond-anvil cell showed the presence of only minor amounts of g-

Sr(OH)2 ◊ H2O, as indicated by the very weak first peak, but a larger amount of the

unknown phase, which is now expressed in more than two additional peaks. As pressure
increased the relative intensity of the reflections of the unknown phase also increased
compared with the others. This behaviour could account for the reflections being part of
the Sr(OH)2 structure, which became increasingly distorted. A phase transition might
have happened at very low pressures below 1.2 GPa. Moreover, an unusually large

Figure 9.4.5. Selected
integrated and scaled
powder diffraction
patterns of a-Ba(OH)2 as

a function of pressure
(GPa) in a selected
2q range.
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volume decrease from the ambient pressure to the 1.2 GPa unit-cell refinement supports
the theory of phase transition. Unfortunately, attempts to find a proper unit cell and
structural model failed up to now. The powder diffraction patterns became non-
refinable at high pressures, even in the LeBail mode, as the intensity of unindexed
reflections increased. Nevertheless, unit-cell volumes at the lower pressures were
extracted by LeBail refinement and also by TREOR, using the reflections as input,
which were properly indexed by Sr(OH)2. The second loading of Sr(OH)2, starting at
5.2 GPa, showed the absence of g-Sr(OH)2 ◊ H2O, but also a large amount of the

unknown phase.

   

An interesting aspect is an amorphisation of the material at pressures above 10
GPa. This could be due to excessive microscopic deviatoric stress caused by the
simultaneous presence of various phases with different compressibility. No
recrystallisation was observed at pressure release. However, it should be kept in mind,
that a similar behaviour is observed for Ca(OH)2 if compressed at room temperature
(Kruger et al. 1989; Meade and Jeanloz 1990). The amorphisation turned out to be
caused by a kinetically hindered phase transition, which in turn can be promoted by
heating Ca(OH)2 to a few hundred degree Celsius (Leinenweber 1993).

Figure 9.4.6. Selected
integrated and scaled
powder diffraction
patterns of Sr(OH)2 as a
function of pressure
(GPa) in a selected
2q range.
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Compressibilty

The compressional behaviour of the b and b2 phases of Ba(OH)2 is very similar.

The P-V curve does not show an observable discontinuity (Fig. 9.4.7), so that the exact
pressure of the phase transition upon compression cannot be determined. This result
might point towards a second-order phase transition, which is in contradiction with a
possible non-reversibility of the b-to-b2 phase transition as discussed above. It is

interesting to compare the volume of the b2 phase, which was stabilized at 0.3 GPa on

decompression of the a phase loading, with the one of the b phase maintained stable at

comparable pressure during compression. No discrepancy from the trend is observed, as
the volume of the b2 phase at 0.3 GPa lies on the fitted P-V line. This indicates a very

similar compressional behaviour of the two phases.
Therefore, the data of both phases were fitted with one EOS, although data of two

different modifications should not be fitted simultaneously, as the compressional
behaviour can change during phase transitions. A third-order BM EOS (chapter 2.1.2)
was fitted to the P-V data between 0.0001 and 8.1 GPa (Fig. 9.4.7). The last pressure
point of the b2 phase stability at 8.4 GPa was excluded due to its deviating behaviour,

which could be attributed to the b2-to-b3 phase transition occuring between 8.4 and 9.0

GPa. The values obtained for the isothermal bulk modulus and its pressure derivative
are K0 = 34.6(1.6) GPa and K´ = 11.8(1.2) at V0 = 501.97(2) Å3 (c2 = 2.9). The value for

the bulk modulus is quite reasonable if compared to the bulk moduli of other hydroxides
(space group P 3m1), such as Mg(OH)2 with K0 = 54.3(1.5) and K´ = 4.7(2) (Fei and
Mao 1993), Ca(OH)2 with K0 = 37.8(1.8) and K´ = 5.2(7) (Meade and Jeanloz 1990),
Mn(OD)2 with K0 = 41(3) at K´ = 4.7 (fixed) (Parise et al. 1998b), Co(OD)2 with K0 ~
48, and Ni(OD)2 with K0 ~ 52 (Parise et al. 1998a). A decreasing bulk modulus at
increasing cation/anion size ratio is expected as the cation size approximates and even
exceeds the anion size. Hence, the larger cations also behave softer on compression.
Nevertheless, the value of K´ for Ba(OH)2 is unusually high. This is probably an
expression of the phase change as also evidenced by the reduced symmetry. Therefore,
two separate second-order BM EOS were fitted to the P-V data. One up to 3.3 GPa, at
pressures below the expected b-to-b2 phase transition excluding the 0.3 GPa pressure

point, and the other one to the data from 4.9 to 8.1 GPa, respectively. K´ was fixed to a
value of 6. The results yielded: K0 = 39.5(1.3) GPa at V0 = 501.97(2) Å3 (c2 = 5.0), and

K0 = 60(4) GPa at V0 = 491(2) Å3 (c2 = 3.1), respectively.

The unit-cell parameters of Sr(OH)2 were gained by structural refinements of the
data at low pressures and LeBail refinement of the data at higher pressures up to 6 GPa.
The unit-cell volumes also allowed a fit to a third-order BM EOS (Fig. 9.4.8). The
results are: K0 = 28(2) GPa and K´ = 14(1) at V0 = 236.32(3) Å3 (c2 = 0.9). The value of

K´ is again extremely high. A reason could be the occurrence of a phase transition at
pressures 0.0001 < P < 1.2 GPa. If fitting the data without the ambient pressure point
and with K´ fixed to 7, a bulk modulus K0 = 42(3) GPa at V0 = 234(1) Å3 is obtained.
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Figure 9.4.7. Reduced unit-cell volumes of b - and b2-Ba(OH)2 as a function of

pressure. Data were fitted with a third-order BM EOS.
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Structural evolution of bbbb-Ba(OH)2 with pressure

The powder diffraction patterns at high pressures were fitted by the refinement of
the structural model of b-Ba(OH)2 (Fig. 9.4.9), which revealed reliable bond distances

and angles up to 6.2 GPa. At higher pressures, the analytical errors exceeded the
experimental errors. The reason is that at pressures above the phase transition at 4.9
GPa the b2 structural model would be the correct one, which should be refined. If using

the b model, additional structural constraints are introduced, which are not valid due to

symmetry reduction, and hence alter the results. Therefore, this procedure only works

Figure 9.4.8. Unit-
cell volumes of
Sr(OH)2 as a
function of pressure.
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experimentally as long as the symmetry-reducing distortion is only small, as was the
case at pressures up to 6.2 GPa. The refinement of the b model should help to extract

some information on the average behaviour of the b phase, i.e. averaged bond distances,

with pressure. The number of refinable parameters of the b2 model, which has 4 barium

and 8 oxygen atoms in the asymmetric unit, was too large for a least-squares fit to these
high-pressure powder diffraction data, so that the refinement diverged. The data are (1)
limited in the accessible 2q range, (2) contain additional diffraction from argon,

beryllium and tungsten and (3) show peak broadening due to non-hydrostatic
conditions. Therefore, the ratio of parameters to observations was too large for an
accurate refinement of atomic positions and bond distances in the b2 model.

The trend towards a higher coordination of the barium polyhedra can be extracted
by this procedure. The Ba-O bond distances definitely show a trend towards a [9]-fold
coordination of the Ba1 atom (Fig. 9.4.10.a) and an approximation towards an [8]-fold
coordination of the Ba2 atom (Fig. 9.4.10.b), as expressed by a steep decrease of the
Ba1-O3 and the Ba2-O3 bond distances. It is expected that the phase transitions at
higher pressures may produce [10]- and even [11]-fold coordinations around the Ba
atoms, as it was shown for barium fluoride, BaF2 (Léger et al. 1995a, 1995b, 1995c;
Haines et al. 1998).

In comparison to the previously investigated hydroxides, Ba(OH)2 shows a very
complex behaviour at high pressures, which in contrast is quite similar to other BaX2

compounds, such as BaF2. We assume that hydrogen bonding plays only a secondary
role for this behaviour. The primary influence is suggested to be the cation size, i.e. the
cation:anion ratio.

Figure 9.4.9. Observed (crosses) and calculated (line)
powder diffraction pattern of b-Ba(OH)2 at 6.2 GPa. The

difference curve is also shown. Peak positions are given
for Ar (top), W (centre) and b-Ba(OH)2 (bottom).



83

0 1 2 3 4 5 6
2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

Pressure (GPa)

B
a1

-O
 (

Å
)

Ba1-O1
Ba1-O3
Ba1-O2
Ba1-O4
Ba1-O3
Ba1-O2
Ba1-O1
Ba1-O4
Ba1-O3

 
0 1 2 3 4 5 6

2.4

2.6

2.8

3.0

3.2

3.4

3.6

Pressure (GPa)

B
a2

-O
 (

Å
)

Ba2-O4
Ba2-O1
Ba2-O2
Ba2-O4
Ba2-O2
Ba2-O3
Ba2-O1
Ba2-O3

Figure 9.4.10. Ba-O bond distances of b-Ba(OH)2 as a function of pressure.

(a)
(b)



84

10. Conclusions

The investigation of garnet, chondrodite and clinohumite showed that the
compressibility increases with the amount of structurally bound hydrogen. The effect is
much larger for the SiO4 ´  O4H4 hydrogarnet substitution than for the OH ´  F

substitution in humite minerals, corresponding to the higher amount of substituted
water. Moreover, the O4H4 unit is larger and plays a more important role for structural
changes than a single hydrogen bond.

The bulk modulus systematic of garnets clearly indicates the degree of
hydrogarnet substitution to be the dominant factor for the overall compressional
behaviour. A remarkable reduction of the hydrogen-bonded O···O distance might
indicate a strengthening of the hydrogen bond with pressure.

The main structural changes in henritermierite are expressed in the reduction of
cation-anion bond lengths in order to distribute bond valences equally within the
polyhedra. This is also expressed by the reduction of the Jahn-Teller distortion with
increasing pressure.

Although the O-D bond length within the structure of (OD,F)-chondrodite remains
nearly the same with increasing pressure, the reduction of the O···F distance and the
increasing O-D◊◊◊F angle indicate a slight strengthening of the hydrogen bond with

pressure, as it was theoretically proposed.
The bulk moduli of chondrodite and clinohumite increase only slightly with F

substitution for OH. The structural compression is mainly expressed in a reduction of
cation-anion bond lengths. The effect of cation-cation repulsion, which results in off-
site centring and a strong distortion of polyhedra at ambient conditions, is overcome by
pressure.

The low-temperature behaviour of barium hydroxide is very different to the
behaviour at high pressure. First, the volume reduction has different structural
consequences on b-Ba(OH)2. The deuterated b phase shows no discontinuity in the

structural behaviour at low temperature down to 10 K, while b-Ba(OH)2 shows up to

three phase transitions at high pressure. Secondly, the a  phase can be obtained

metastable at low temperature and shows a reversible phase transition between 100 and
150 K. At high pressure, however, the a phase is not stable and eventually transforms

back to the b phase, possibly through an intermediate phase. On decompression the a
phase fully transforms back to the b phase. Hence, a general derivation from the

behaviour of a compound at low temperature to that at high pressure is not possible.
The low-temperature phase transition of a-Ba(OD)2 is of an order-disorder type.

One of the deuterium atoms, which at high temperature displays a dynamic disorder
across a mirror plane, is frozen-in on a position off the mirror plane, violating and
reducing the symmetry from Pnma to P21/n. This behaviour can be compared to the
postulated freezing-in phase transition of brucite around 11 GPa (Catti et al. 1995).

Although hydrogen bonds are very week, they have a decisive influence on the
lattice energy. This can be easily seen when replacing OH- with F-. The crystal
structures of MgF2 (rutile structure), CaF2, SrF2 and BaF2 (fluorite-structure) are
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completely different compared to their hydroxyl equivalents, although the ionic radii of
OH- and F- are similar.

BaF2 and Ba(OH)2 both show phase transitions at high pressure. Although their
structures and those of the high-pressure polymorphs are very different, a common
driving force is found by the increase of the coordination numbers of barium atoms. The
large size of the barium ion and hence the large ratio of cation:anion radii is responsible
for the complex behaviour at high pressure when compared to the more stable
behaviour of similar compounds with smaller cations. This result confirms previous
results from structural high-pressure data of earth-alkaline hydroxides, which allow
some conclusions on the behaviour of hydrogen bonds as a function of pressure and
chemistry:

At high pressure hydrogen bonds seem to act more passively on structural
compression, and to adapt according to the needs of the valence requirements of the
framework atoms. While the coordination number and topology of the framework are
the driving forces for phase transitions, the strength of hydrogen bonds is suggested to
be determined rather by the framework than by external pressure. This hypothesis is
also confirmed by the structural high-pressure results of henritermierite and
chondrodite. Comparing our results with data from the literature we can conclude that
phase transitions in hydrous compounds are controlled by the change of the ratio of
ionic radii between anions and cations, rather than instabilities of the weakly bonded
(OH)- units. Hydrogen bonds within the crystal structure, however, give additional
flexibility with respect to volume optimisation. A more symmetric arrangement of the
O-H···O bond allows for stress relaxation also for the non-hydrogen atoms through a
redistribution of the electrons in the crystal structure (Hawthorne 1992; Brown 1992).
An explanation is given with the bond-valence model. For a given stoichiometry
[X(OH)2 for example] with atoms of a given atomic valence (formal charge, 2+ and 2-
for the framework atoms in this case), the flexible hydrogen bond can adapt its
geometry easily in order to balance valence-sum requirements of the framework atoms,
which are mainly controlled by coordination numbers and bond lengths (Brown 1992).
Determining factors are the relative effective ionic radii and the polymerisation of the
structural units.

Previous results also confirm this hypothesis (Kunz et al. 2001):
Sr(OD)2 and Ca(OH)2-II show hydrogen bonds of very similar strengths, although

the Sr-compound is measured at ambient conditions, while the bonding in the Ca-
compound has been calculated from data recorded at high pressure. Thus, the strength
of a hydrogen bond is not determined by the external pressure, but rather by the
coordination numbers and polymerisation of the framework atoms.

The similarity between the structures of Ca(OH)2-II at high pressure and Sr(OH)2

at ambient conditions suggests that it is not the weak hydrogen-bonds, which drive the
pressure-induced phase transition in Ca(OH)2, but rather the pressure-induced increase
of the ratio between cation and anion radii.

The fact that the hydrogen bonding in Ca(OH)2-II is quite strong and not at all
relaxed, although it had been measured very close to the phase transition, gives support
to the notion that it is not the compressional stress on the hydrogen bonds, which drives
the structural change.

These results showed that hydroxyl groups in inorganic solids do not represent a
weak link with respect to compression. From a crystal chemical point of view there is
therefore no indication that high pressure expels hydrogen out of a crystal structure.
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Kunz et al. (2000) suggested from studies at simultaneously high pressure and high
temperature that the effect of pressure on the volume and structure of a material is much
more prominent than the effect of temperature. Therefore, these results might also be
valid at conditions of combined high pressure and high temperature. Crystal-chemically
it is therefore conceivable that hydrogen can be transported from the surface to the
lower mantle along subduction zones e.g. in some sort of hydrous magnesium silicates
(Van der Voo et al. 1999; Ulmer and Trommsdorff 1995).
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11. Possible directions of future research

The investigation of the effect of OH ´ F substitution within chondrodite and

clinohumite on the pressure-derived properties could be continued with the fully
substituted F-end-members. Compressibility studies would unravel the open question,
whether there is a discontinuous trend with higher F-content.

High-pressure neutron diffraction data of OD-chondrodite are recollected using
the new encapsulated gasket design for the Paris-Edinburgh cell, as the data using the
standard gasket did not allow the refinement of reliable crystal-structural models.

Low-temperature investigations of OD-clinohumite are ongoing using neutron
powder diffraction.

In situ high-pressure single-crystal diffraction of Ba(OH)2 and Sr(OH)2 would be
recommended in order to enlighten the structures of the high-pressure phases. First,
single crystals have to be synthesised, which was previously reported in literature only
for Sr(OH)2 (Von Grueninger and Bärnighausen 1969) and a-Ba(OH)2 (Lüke 1973).

Further high-pressure neutron diffraction data could be collected for deuterated
hydroxide samples in order to gain detailed information on the behaviour of hydrogen
bonds under pressure. High-pressure spectroscopic measurements would also be
desirable.

The P-T phase diagram of Ba(OH)2 could be investigated using a Paris-Edinburgh
cell together with the soller slits system of the high-pressure beamline ID30 at the
ESRF, Grenoble.

The exact temperature of the low-temperature phase transition of Ba(OD)2, as well
as the order of the phase transition and the strain components could be determined. This
could be done by the measurement of more data in smaller steps of temperature. Further
spectroscopic and thermoanalytical measurements in this low-temperature region could
help to obtain more information on this phase transition. Low-temperature Raman
spectroscopic measurements are ongoing. A comparison between deuterated and non-
deuterated samples could give insight to the effect of H ´ D substitution.

Investigations under both high pressure and high temperature are greatly desirable.
Unfortunately, the experimental techniques require some more development.
Furthermore, studies under much higher pressures would be interesting, but are
complicated by the structural complexity of the compounds and the presence of non-
hydrostatic conditions. Stress relaxation using laser-annealing might offer a solution.
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Table A1-A3. Variation of the unit-cell parameters with pressure.

Table A1. Henritermierite, Ca3Mn2[SiO4]2[O4H4]
P (GPa) Quartz Henritermierite

V (Å3) N a (Å) c (Å) V (Å3) N
First data set

0.0001 † 113.090(21)  4 12.4938(6) 11.9120(8) 1859.4(2) 26
2.007(10) 107.900(14)  7 12.4016(6) 11.8548(8) 1823.3(2) 29
2.861(9) 106.109(12)  8 12.3654(5) 11.8316(7) 1809.1(2) 26
3.774(10) 104.389(13)  7 12.3300(5) 11.8083(7) 1795.2(2) 27
6.008(9) 100.812(9)  8 12.2473(5) 11.7517(7) 1762.7(2) 27
6.895(10)  99.583(9)  9 12.2158(5) 11.7294(7) 1750.3(2) 25

Second data set
0.0001 † 113.099(21) 11 12.4871(6) 11.9107(9) 1857.2(2) 28
0.312(9) 112.175(16) 10 12.4729(7) 11.9023(9) 1851.7(2) 24
0.999(8) 110.309(11) 11 12.4409(6) 11.8822(8) 1839.1(2) 26
2.086(11) 107.735(18) 10 12.3936(7) 11.8521(10) 1820.5(2) 27
4.256(11) 103.557(14) 10 12.3055(9) 11.7951(11) 1786.1(3) 27
4.829(13) 102.610(18)  8 12.2858(11) 11.7819(15) 1778.4(3) 23
5.539(17) 101.508(24) 10 12.2585(7) 11.7629(9) 1767.6(2) 29
6.787(13)  99.736(15) 11 12.2170(6) 11.7335(7) 1751.3(2) 27
7.113(12)  99.303(13) 10 12.2064(6) 11.7262(8) 1747.2(2) 27
7.246(12)  99.130(13) 11 12.2013(6) 11.7224(7) 1745.1(2) 26
7.902(10)  98.299(8) 14 12.1797(7) 11.7085(10) 1736.9(2) 26
8.600(16) ‡ [96.405(6) § 15] 12.1577(6) 11.6919(8) 1728.2(2) 26
8.701(17) [96.321(14) § 16] 12.1542(6) 11.6903(8) 1726.9(2) 25

Table A2. TF chondrodite, Mg5[SiO4]2(F,OH)2

P (GPa) Quartz TF Chondrodite
V (Å3) N a (Å) b (Å) c (Å) a (°) V (Å3) N

First data set
0.0001* 4.7328(1) 10.2749(2) 7.8756(1) 109.065(1) 361.98(1) 23
0.0001† 113.10(2)
0.068(6) 112.888(7) 15 4.7319(1) 10.2729(2) 7.8740(2) 109.074(2) 361.74(1) 32
1.719(6) 108.56(1) 15 4.7160(1) 10.2190(2) 7.8352(2) 109.049(1) 356.92(1) 31
3.565(7) 104.771(8) 15 4.6995(2) 10.1629(4) 7.7951(3) 109.024(2) 351.96(2) 31
4.893(11) 102.50(2) 15 4.6888(3) 10.1243(7) 7.7677(5) 109.015(4) 348.62(3) 31
5.730(10) 101.22(1) 14 4.6815(3) 10.1009(6) 7.7508(5) 108.989(4) 346.57(3) 30
6.376(9) 100.30(1) 14 4.6767(3) 10.0833(8) 7.7396(6) 108.982(5) 345.13(4) 31
6.933(11)   99.54(1) 14 4.6728(4) 10.069(1) 7.7267(8) 108.966(7) 343.81(5) 30

Second data set
0.0001* 4.7328(1) 10.2749(2) 7.8756(1) 109.065(1) 361.98(1) 23
0.0001†‡ 113.12(1) 13 4.7328(2) 10.2765(5) 7.8760(4) 109.081(3) 362.01(3) 32
1.139(6) 109.98(1) 15 4.7217(1) 10.2383(3) 7.8484(2) 109.052(2) 358.63(1) 31
2.439(7) 107.00(1) 15 4.7094(4) 10.196(1) 7.8189(8) 109.033(7) 354.91(6) 32
4.319(9) 103.47(1) 15 4.6933(1) 10.1402(3) 7.7794(2) 109.008(2) 350.04(1) 33
4.952(7)‡ 102.436(7) 15 4.6881(3) 10.1222(7) 7.7660(5) 108.989(5) 348.47(4) 32
4.979(6) 102.393(6) 15 4.6880(1) 10.1219(2) 7.7659(2) 108.994(1) 348.44(1) 33
7.808(7)   98.437(7) 15 4.6664(3) 10.0454(6) 7.7131(5) 108.957(4) 341.95(3) 34
9.550(7)‡   96.405(6) 15 4.6546(1) 10.0033(2) 7.6828(2) 108.939(1) 338.35(1) 33
9.627(13)   96.32(1) 16 4.6538(2) 10.0000(6) 7.6804(4) 108.933(4) 338.09(3)  6

A1



Table A3. KiL clinohumite, Mg9[SiO4]4(F,OH)2

P (GPa) Quartz KiL Clinohumite
V (Å3) N a (Å) b (Å) c (Å) a (º) V (Å3) N

0.0001* 4.7381(5) 10.2379(6) 13.647(1) 100.899(6) 650.02(9) 25
0.0001† 113.08(2) 12
0.265(8) 112.29(2) 14 4.7276(5) 10.2138(7) 13.6104(6) 100.896(5) 645.35(8) 26
0.91(1) 110.54(3) 12 4.7213(6) 10.193(1) 13.5869(7) 100.886(7) 642.1(1) 21
1.22(1) 109.74(3) 15 4.7169(4) 10.1800(7) 13.5704(6) 100.875(5) 639.92(7) 26
1.76(1) 108.45(3) 15 4.7144(5) 10.167(1) 13.5568(6) 100.881(6) 638.1(1) 18
2.25(1) 107.35(3) 14 4.7096(3) 10.1491(5) 13.5366(4) 100.864(3) 635.43(5) 23
2.92(1) 105.98(2) 15 4.7039(4) 10.1266(8) 13.5122(4) 100.852(4) 632.14(7) 20
3.35(1) 105.16(2) 15 4.7001(4) 10.1139(6) 13.4958(5) 100.849(4) 630.07(6) 25
3.714(9) 104.49(2) 15 4.6984(6) 10.105(1) 13.4862(7) 100.838(7) 628.9(1) 20
4.49(1) 103.14(2) 14 4.6908(5) 10.0790(8) 13.4589(6) 100.833(5) 624.97(9) 26
5.13(1) 102.11(2) 14 4.6862(7) 10.061(1) 13.4398(8) 100.813(7) 622.4(1) 25
5.73(1) 101.21(2) 15 4.6838(8) 10.046(2) 13.4252(9) 100.86(1) 620.4(2) 22
6.60(1)   99.98(2) 14 4.6757(5) 10.0232(8) 13.3939(7) 100.804(6) 616.54(8) 21
7.36(1)   98.97(2) 14 4.6702(3) 10.0022(5) 13.3698(4) 100.795(4) 613.49(6) 21
8.33(2)   97.76(2) 14 4.6639(3)   9.9782(5) 13.3426(4) 100.790(4) 609.95(5) 23
9.04(1)   96.94(1) 15 4.6612(5)   9.961(1) 13.3272(6) 100.808(7) 607.8(1) 20

Note: Pressures determined from unit-cell volumes of quartz internal diffraction
standard by applying the EOS of Angel et al. (1997).
The clinohumite crystal shows higher standard deviations at releasing pressure, because
it was broken at the highest pressure.
N = number of reflections used for the vector least-squares refinement of the unit-cell
parameters
* Crystal in air; for clinohumite a different crystal was used (300 µm in diameter)
† Crystal in DAC without pressure-transmitting medium; V0 used for equation of state
of quartz
‡ Pressure at which intensity data were collected. Unit-cell parameters at this pressure
were used for the structural refinement.
§ Not used for pressure determination
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Table B1. Details on data reduction and results of the high-pressure structure
refinements with RFINE99 (Finger and Prince 1975, modified by Angel 1999).

Henriter-
mierite

TF chondrodite OH-
clinohumite

8.6 GPa 0.0001 GPa 4.95 GPa 9.55 GPa 4.2 GPa
a (Å) 12.1577(6) 4.7328(2) 4.6881(3) 4.65459(9) 4.7071(13)
b (Å) 12.1577(6) 10.2765(5) 10.1222(7) 10.0033(2) 10.132(5)
c (Å) 11.6919(8) 7.8760(4) 7.7660(5) 7.6829(2) 13.504(8)
a (∞) 90 109.081(3) 108.989(5) 108.939(1) 100.47(11)

prescan speed
(˚/min)

3.296 4.120 2.060 5.493 4.120

max. scan time (s) 600 450 300 600 450
scan range 0.80 + 0.35 0.80 + 0.35 0.80 + 0.35 0.80 + 0.35 0.80 + 0.40
aperture 3.2 + 0.35 2.0 + 0.35 2.0 + 0.35 2.0 + 0.35 1.7 + 0.40
standard reflections
for intensity control

(4 2 2)
(2 4  2)
( 2  4 6)

(2 2 2)
(2 2  2)

(0 4 0)
(0 0 5)
(2 2 2)

(0 0 5)
(1 1 2)
(1 1  2)

(3 1 1)
(4 1 1)
(4 2 1)

max. q (°) 35 40 40 35 35

voltage (kV) 50 50 55 50 50
current (mA) 30 30 30 30 40
total ΩFΩ 4565 2433 2355 1953 3776

averaged ΩFΩ* 874 891 858 721 391

ΩFΩobs (F > 4 s)* 183 361 412 358 154

µ (MoKa) (cm-1) 49.02 13.95 15.07 15.52 10.08

tmin (%) 26.2 29.2 29.0 30.7 31.8
tmax (%) 35.4 38.9 38.8 38.7 39.9
R int (F > 4 s) 0.0299 0.038 0.040 0.032 0.027

pvar 28 34 34 34 61
ΩFΩobs/pvar 6.5 10.6 12.1 10.5 '2.5' *

R (F > 4 s) 0.032 0.055 0.057 0.050 0.053

wR (F > 4 s) 0.034 0.065 0.060 0.056 0.069

wR (averaged) 0.055 0.076 0.072 0.066 0.082
GooF 1.01 1.32 1.14 1.08 1.18
* Only reflections passing the sigma criteria as given by Blessing (1987) are averaged.
Notes: Transmission (t) includes both crystal absorption and absorption by DAC
components. Fo = observed structure factor, Fc = calculated structure factor.
R = (∑||Fo| - |Fc||) / (∑|Fo|).
wR = {[∑w (|Fo| - |Fc|)

2] / [∑w |Fo|
2]}-1/2 and w = (si

2 + P2 Fo
 2)-1, P = 0.016

(henritermierite), 0.035, 0.036, 0.037 (TF chondrodite) and 0.042 (OH-clinohumite)

GooF = w F F n po c
2 2 2

-( ) -( )( )Â /

n = number of averaged Ω F Ω, p = number of l.s. parameters = pvar
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Table B2. Details on data reduction and results of the high-pressure structure
refinements with SHELXL97 (Sheldrick 1997).

OD-chonrodite
0.0001 GPa 3.0 GPa 6.0 GPa

a (Å) 4.7460(8) 4.7143(7) 4.6889(6)
b (Å) 10.332(3) 10.2392(13) 10.155(2)
c (Å) 7.8997(14) 7.822(2) 7.758(2)
a (∞) 108.75(3) 108.63(3) 108.58(4)

prescan speed
(˚/min)

4.120 4.120 4.120

max. scan time (s) 500 500 500
scan range 0.80 + 0.35 0.80 + 0.35 0.80 + 0.35
aperture 2.0 + 0.35 2.0 + 0.35 3.0 + 0.35
standard reflections
for intensity control

( 1  1  2)
(2 2 3)

( 3 1 2)
(2 2 3)
(2 2 2)

(3 1  2)
(2 2 3)
(2 2 2)

max. q (°) 40 40 35

voltage (kV) 50 50 50
current (mA) 35 35 35
total ΩFΩ 2477 2417 2041

averaged ΩFΩ* 846 775 599

ΩFΩobs (F > 4 s)* 411 395 324

µ (MoKa) (cm-1) 9.37 9.61 9.82

tmin (%) 29.1 28.9 29.7
tmax (%) 38.6 38.5 38.5
R int (F > 4 s) 0.0239 0.0267 0.0264

pvar 35 35 35
ΩFΩobs/pvar 11.7 11.3 9.3

R (F > 4 s) 0.088 0.091 0.086

R (all) 0.174 0.156 0.147
wR2 (on F, all) 0.252 0.244 0.231
GooF 1.019 0.994 1.006
* all reflections were averaged by SHELXL97.
Notes: Transmission (t) includes both crystal absorption and absorption by DAC
components. Fo = observed structure factor, Fc = calculated structure factor.
R = S||Fo| – |Fc | / S |Fo||

wR2 = [S w(Fo
2 – Fc

2)2 / S wFo
4]1/2

Goof = [S w(Fo
2 – Fc

2)2 / (n – p)]1/2

n = number of F, p = number of variables = pvar

w = 1 / [s2(Fo
2) + (0.1413, 0.1416, 0.1333 P)2], where P = [Max (Fo

2, 0) + 2 Fc
2] / 3
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Table C1. Final atomic coordinates and Beq/iso (Å
2) values, with standard deviations in

parentheses, for henritermierite at 8.6 GPa.
atom x/a y/b z/c Beq/iso

Mn1 0 0 0 0.85
Ca1 0.3643(4) 0 1/4 0.99
Ca2 0 1/4 1/8 1.00
Si1 0.1179(5) 0 1/4 0.73(12)
O1 0.2994(7) 0.7178(6) 0.0958(5) 0.92(13)
O2 0.1591(7) 0.5522(6) 0.0562(7) 0.87(13)
O3 0.4455(7) 0.3560(7) 0.0274(7) 0.77(14)
Si2 1/2 1/4 1/8 0.8 (fixed)
H3 0.433 0.354 0.08 5.0 (all fixed)
Note: Beq = 4/3 (b11a

2 + b22a
2 + b33c

2)

Table C2. Atomic displacement parameters for henritermierite at 8.6 GPa.
atom b11 b22 b33 b12 b13 b23

Mn1 0.0013(1) 0.0015(1) 0.0016(1) 0.0002(4) -0.0002(4) 0.0001(2)
Ca1 0.0015(2) 0.0017(2) 0.0019(3) 0 0 0.0001(4)
Ca2 0.0017(2) 0.0017(2) 0.0017(3) -0.0009(6) 0 0
Note: Anisotropic displacement factors are given in the form exp[-(h2b11 + k2b22 + l2b33

+ 2hkb12 + 2hlb13 + 2klb23)].

Table C3. Selected bond distances (Å) for henritermierite.
8.6 GPa Armbruster et al. (2001), ambient conditions

Mn-O3 x2 1.900(8) 1.904(1)
Mn-O1 x2 1.941(6) 1.952(1)
Mn-O2 x2 2.139(8) 2.206(1)
Si-O2 x2 1.612(9) 1.630(1)
Si-O1 x2 1.643(7) 1.657(1)
(Si2-O3 x4 1.845(8)) 1.982(1)
Ca1-O3 x2 2.425(9) 2.445(1)
Ca1-O2 x2 2.370(8) 2.450(1)
Ca1-O2 x2 2.397(8) 2.451(1)
Ca1-O1 x2 2.406(9) 2.476(1)
Ca2-O3 x4 2.296(8) 2.334(1)
Ca2-O1 x4 2.493(7) 2.614(1)
O3-H3 0.75(3)
O2-H3 2.21(3)
O3···O2 2.691(11) 2.763(1)
O3···O3 x2 3.068(11) 3.301(1)
O3···O3 2.898(12) 3.095(2)
O3-H3···O2 134(3)°
O3-H3···O3 138(3)°

Note: Si2 is a low-occupied position and only occurs (together with O3A) if O3 and H3
are vacant. The H3 site was not refined at high pressure.
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Table D1. Details on data reduction and results of the ambient and low temperature
structure refinements of clinohumites and chondrodite.

VM clinohumite KiL clinohumite TF chondrodite
hkl range 0 £ h £ 6, -15 £ k £ 15,

 0 £ l £ 20

0 £ h £ 7, -15 £ k £ 15,

0 £ l £ 20

0 £ h £ 7, -15 £ k £ 14,

0 £ l £ 12

RT 100 K 20 K RT 100 K 20 K RT 100 K 10 K
Total |F| 2791 2746 2742 2765 2756 2755 1576 1570 1567

Averaged |F| 2448 2438 2263 2419 2410 2409 1425 1419 1416

|F|obs (F>3s) 1707 1647 1627 1723 1710 1704 1225 1222 1260

Variables 158 158 158 153 153 153 91 91 91
c2 2.769 3.026 2.755 2.234 2.622 2.624 2.150 2.547 3.326

R (F>3s) 0.045 0.050 0.047 0.036 0.039 0.039 0.033 0.034 0.038

Rw (Fo) 0.057 0.063 0.059 0.049 0.053 0.053 0.042 0.044 0.048
Scan rate
(°/min)

2 3 3 2.5 3 3 2.5 2.5 2

Peaks for
OM

40 39 39 36 36 31 102 75 71

r (g/cm3) 3.280 3.291 3.280 3.202 3.219 3.218 3.162 3.172 3.178

µ (cm-1) 0.140 0.130 0.220
Extinction
coeff. (10-6)

2.062 1.641 1.569 8467 254.1 253.1 109.5 120.7 283.0

Notes: RT = room temperature; OM = orientation matrix
c2 = S w(Fo

 – SFc)
2 / (Nobs – Nvar), w = weights, S = scale factor, Nobs = number of

observations, Nvar = number of variables
R = S|Fo – SFc | / S |Fo|

Rw = [S w(Fo
 – SFc)

2 / S w|Fo|]
1/2

Table D2. Unit-cell parameters and volumes of chondrodite and clinohumites studied.
a (Å) b (Å) c (Å) a (°) V (Å3)

VM clinohumite
295 K 4.7344(9) 10.286(1) 13.713(2) 101.042(8) 655.5(2)
100 K 4.7282(9) 10.273(1) 13.702(2) 101.004(9) 653.3(2)
20 K 4.7313(9) 10.274(1) 13.695(1) 101.029(8) 653.4(2)

KiL clinohumite
295 K 4.7404(4) 10.2380(9) 13.651(1) 100.909(8) 650.5(1)
100 K 4.7366(5) 10.226(1) 13.636(2) 100.904(9) 648.5(1)
20 K 4.7362(5) 10.226(1) 13.635(1) 100.904(8) 648.4(1)

TF chondrodite
295 K 4.7401(3) 10.2843(7) 7.8831(5) 109.097(2) 363.14(4)
100 K 4.7345(2) 10.2674(5) 7.8716(3) 109.060(2) 361.67(3)
10 K 4.7321(3) 10.2641(5) 7.8673(4) 109.052(2) 361.19(3)
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Table D3. Details on X-ray data collection and refinement of the KiL clinohumite.

a (Å) 4.7381(5)
b (Å) 10.2379(6)
c (Å) 13.647(1)
a (°) 100.899(6)

V (Å3) 650.02(9)
rcalc (g/cm3) 3.116

µ (MoKa) (mm-1) 1.12

Extinction coefficient 6.0 x 10-2

2qmax (°) 70

Reflections measured 6067
Unique reflections 2858
No. Variables 151
Goof 1.209
R (all) 0.0232
wR2 (on F2) 0.0591
Drmax/min (e

-/Å3) 0.56/-0.58

Note: Fo = observed structure factor, Fc = calculated structure factor
R = S||Fo| – |Fc | / S |Fo||

wR2 = [S w(Fo
2 – Fc

2)2 / S wFo
4]1/2

Goof = [S w(Fo
2 – Fc

2)2 / (n – p)]1/2

n = number of F, p = number of variables
w = 1 / [s2(Fo

2) + (0.0216 P)2 + 0.32 P], where P = [Max (Fo
2, 0) + 2 Fc

2] / 3
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Table D4. Atom positions and atom displacement parameters of the VM clinohumite.

RT
x y z Ueq

M1c 1/2 0 1/2 0.0077
M1n 0.4965(3) 0.9459(1) 0.27458(9) 0.0080
M25 0.0137(3) 0.1399(1) 0.16997(9) 0.0078
M26 0.5103(3) 0.2504(1) 0.38774(9) 0.0078
M3 0.4894(4) 0.8763(2) 0.0436(1) 0.0066
Si1 0.0730(4) 0.0666(2) 0.3899(1) 0.0062
Si2 0.0757(4) 0.1765(2) 0.8349(1) 0.0063
O1,1 0.7332(3) 0.0644(1) 0.3883(1) 0.0082
O1,2 0.2805(3) 0.4204(1) 0.38773(9) 0.0073
O1,3 0.2220(3) 0.1129(1) 0.29424(9) 0.0080
O1,4 0.2205(3) 0.1588(1) 0.48682(9) 0.0083
O2,1 0.2355(3) 0.3233(1) 0.16345(9) 0.0078
O2,2 0.7774(3) 0.9680(1) 0.16351(9) 0.0082
O2,3 0.7234(3) 0.2792(1) 0.2614(1) 0.0087
O2,4 0.7245(3) 0.2285(1) 0.0692(1) 0.0090
O/F 0.2569(4) 0.0448(2) 0.0534(1) 0.0133
H 0.081(1) 0.0124(6) 0.0115(4) 0.0207

Note: Here O/F ∫ O(H), no F

100 K
x y z Ueq

M1c 1/2 0 1/2 0.0047
M1n 0.4961(4) 0.9458(2) 0.2747(1) 0.0053
M25 0.0139(4) 0.1400(1) 0.1699(1) 0.0052
M26 0.5097(4) 0.2501(2) 0.3880(1) 0.0055
M3 0.4890(5) 0.8766(2) 0.0436(2) 0.0040
Si1 0.0736(5) 0.0673(2) 0.3900(2) 0.0049
Si2 0.0760(5) 0.1764(2) 0.8351(2) 0.0048
O1,1 0.7322(4) 0.0645(2) 0.3882(1) 0.0057
O1,2 0.2801(4) 0.4203(2) 0.3879(1) 0.0063
O1,3 0.2224(4) 0.1126(2) 0.2941(1) 0.0061
O1,4 0.2212(4) 0.1585(2) 0.4866(1) 0.0060
O2,1 0.2352(4) 0.3237(2) 0.1634(1) 0.0064
O2,2 0.7769(4) 0.9683(2) 0.1632(1) 0.0061
O2,3 0.7233(4) 0.2791(2) 0.2616(1) 0.0064
O2,4 0.7256(4) 0.2281(2) 0.0691(1) 0.0068
O/F 0.2562(5) 0.0450(2) 0.0534(1) 0.0108
H 0.082(2) 0.0114(7) 0.0110(5) 0.0196

Note: Here O/F ∫ O(H), no F
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Table D4, continuing.

20 K
x y z Ueq

M1c 0.5 0.0 0.5 0.0044
M1n 0.4966(4) 0.9457(2) 0.2747(1) 0.0045
M25 0.0145(3) 0.1403(1) 0.1700(1) 0.0046
M26 0.5095(4) 0.2495(1) 0.3879(1) 0.0044
M3 0.4890(5) 0.8766(2) 0.0437(2) 0.0035
Si1 0.0736(4) 0.0670(2) 0.3900(1) 0.0046
Si2 0.0751(4) 0.1765(2) 0.8351(1) 0.0043
O1,1 0.7323(4) 0.0643(2) 0.3882(1) 0.0054
O1,2 0.2806(3) 0.4202(1) 0.3880(1) 0.0053
O1,3 0.2221(3) 0.1127(2) 0.2941(1) 0.0061
O1,4 0.2212(4) 0.1588(2) 0.4866(1) 0.0055
O2,1 0.2350(4) 0.3234(1) 0.1633(1) 0.0055
O2,2 0.7768(3) 0.9688(2) 0.1633(1) 0.0057
O2,3 0.7236(4) 0.2792(2) 0.2615(1) 0.0058
O2,4 0.7253(4) 0.2286(2) 0.0690(1) 0.0063
O/F 0.2563(4) 0.0450(2) 0.0534(1) 0.0107
H 0.083(2) 0.0126(7) 0.0114(5) 0.0188
Note: Here O/F ∫ O(H), no F

Table D5. Atom positions and atom displacement parameters of the KiL clinohumite.

RT
x y z Ueq

M1c 1/2 0 1/2 0.0059
M1n 0.4973(3) 0.9463(1) 0.27416(8) 0.0059
M25 0.0109(3) 0.1401(1) 0.16985(8) 0.0061
M26 0.5085(3) 0.2502(1) 0.38824(8) 0.0058
M3 0.4921(3) 0.8764(1) 0.0434(1) 0.0048
Si1 0.0730(3) 0.0664(1) 0.3896(1) 0.0042
Si2 0.0764(3) 0.1769(1) 0.8352(1) 0.0038
O1,1 0.7331(2) 0.0643(1) 0.38799(7) 0.0054
O1,2 0.2785(2) 0.41952(9) 0.38773(7) 0.0056
O1,3 0.2227(2) 0.1122(1) 0.29331(8) 0.0058
O1,4 0.2217(2) 0.1586(1) 0.48644(8) 0.0058
O2,1 0.2358(2) 0.3229(1) 0.16276(8) 0.0054
O2,2 0.7778(2) 0.96863(9) 0.16281(8) 0.0061
O2,3 0.7244(2) 0.2797(1) 0.26225(8) 0.0060
O2,4 0.7274(2) 0.2274(1) 0.06980(8) 0.0061
O/F 0.2616(3) 0.0458(1) 0.05494(8) 0.0082
H 0.088(1) 0.0120(6) 0.0116(4) 0.0209
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Table D5, continuing.

100 K
x y z Ueq

M1c 1/2 0 1/2 0.0033
M1n 0.4971(3) 0.9462(1) 0.27420(9) 0.0031
M25 0.0107(3) 0.1403(1) 0.16975(9) 0.0036
M26 0.5084(3) 0.2497(1) 0.38817(9) 0.0035
M3 0.4921(3) 0.8768(1) 0.0435(1) 0.0016
Si1 0.0737(3) 0.0663(2) 0.3894(1) 0.0020
Si2 0.0758(3) 0.1767(1) 0.8350(1) 0.0027
O1,1 0.7338(3) 0.0642(1) 0.38791(8) 0.0031
O1,2 0.2782(3) 0.4193(1) 0.38780(8) 0.0034
O1,3 0.2231(3) 0.1122(1) 0.29322(8) 0.0033
O1,4 0.2222(3) 0.1586(1) 0.48660(8) 0.0036
O2,1 0.2347(3) 0.3228(1) 0.16275(8) 0.0031
O2,2 0.7771(3) 0.9689(1) 0.16261(8) 0.0034
O2,3 0.7251(3) 0.2797(1) 0.26241(9) 0.0036
O2,4 0.7285(3) 0.2270(1) 0.06971(8) 0.0035
O/F 0.2620(3) 0.0459(1) 0.05503(9) 0.0064
H 0.088(1) 0.0118(6) 0.0118(5) 0.0190

20 K
x y z Ueq

M1c 1/2 0 1/2 0.0031
M1n 0.4974(3) 0.9463(1) 0.27424(9) 0.0032
M25 0.0108(3) 0.1403(1) 0.16970(9) 0.0035
M26 0.5086(3) 0.2495(1) 0.38812(9) 0.0033
M3 0.4925(3) 0.8764(1) 0.0436(1) 0.0020
Si1 0.0735(3) 0.0663(2) 0.3892(1) 0.0022
Si2 0.0756(3) 0.1766(1) 0.8350(1) 0.0023
O1,1 0.7329(3) 0.0642(1) 0.38787(8) 0.0031
O1,2 0.2785(3) 0.4193(1) 0.38777(8) 0.0035
O1,3 0.2235(3) 0.1121(1) 0.29319(8) 0.0034
O1,4 0.2227(3) 0.1586(1) 0.48637(8) 0.0037
O2,1 0.2357(3) 0.3229(1) 0.16281(8) 0.0032
O2,2 0.7777(3) 0.9688(1) 0.16277(8) 0.0033
O2,3 0.7249(3) 0.2796(1) 0.26237(8) 0.0033
O2,4 0.7279(3) 0.2271(1) 0.06967(8) 0.0034
O/F 0.2613(3) 0.0461(1) 0.05508(9) 0.0060
H 0.088(1) 0.0118(6) 0.0122(5) 0.0205
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Table D6. Atom positions and atom displacement parameters of the TF chondrodite.

RT
x y z Ueq

M1 1/2 0 1/2 0.0089
M2 0.0104(2) 0.17356(7) 0.3072(1) 0.0078
M3 0.4921(2) 0.88631(8) 0.0792(1) 0.0088
Si1 0.0760(2) 0.1442(1) 0.7040(1) 0.0067
O1 0.7792(2) 0.00099(7) 0.2941(1) 0.0086
O2 0.7268(2) 0.24079(7) 0.1251(1) 0.0087
O3 0.2238(2) 0.16899(7) 0.5286(1) 0.0090
O4 0.2646(1) 0.85471(7) 0.2946(1) 0.0086
O/F 0.2593(2) 0.05668(8) 0.0988(1) 0.0114
H 0.0895(8) 0.0138(4) 0.0190(5) 0.0269

100 K
x y z Ueq

M1 1/2 0 1/2 0.0060
M2 0.0102(2) 0.17377(7) 0.3069(1) 0.0054
M3 0.4924(2) 0.88658(8) 0.0794(1) 0.0066
Si1 0.0758(2) 0.1442(1) 0.7041(1) 0.0054
O1 0.7788(2) 0.00120(7) 0.2940(1) 0.0066
O2 0.7272(2) 0.24065(7) 0.1252(1) 0.0066
O3 0.2239(2) 0.16886(7) 0.5284(1) 0.0069
O4 0.2649(2) 0.85492(8) 0.2948(1) 0.0066
O/F 0.2590(2) 0.05679(8) 0.0987(1) 0.0086
H 0.0885(8) 0.0135(4) 0.0194(5) 0.0218

10 K
x y z Ueq

M1 1/2 0 1/2 0.0055
M2 0.0102(2) 0.17382(8) 0.3069(1) 0.0050
M3 0.4925(2) 0.88651(8) 0.0795(1) 0.0060
Si1 0.0761(2) 0.1443(1) 0.7041(1) 0.0048
O1 0.7789(2) 0.00113(8) 0.2939(1) 0.0061
O2 0.7273(2) 0.24056(8) 0.1251(1) 0.0061
O3 0.2241(2) 0.16887(7) 0.5284(1) 0.0063
O4 0.2651(2) 0.85480(8) 0.2947(1) 0.0063
O/F 0.2590(2) 0.05677(8) 0.0987(1) 0.0080
H 0.0896(8) 0.0139(4) 0.0192(5) 0.0201
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Table D7. Refined occupancies: Mg (vs Fe or Ti) at the M sites, F (vs O) at the O/F
sites, H at the H sites.

RT 100 K 20 / 10 K
VM clinohumite
M1c    Mg 0.89(2) 0.91(2) 0.91(2)
           Fe 0.11(2) 0.09(2) 0.09(2)
M1n    Mg 0.89(1) 0.89(1) 0.89(1)
           Fe 0.11(1) 0.11(1) 0.11(1)
M25    Mg 0.92(1) 0.92(2) 0.92(1)
           Fe 0.08(1) 0.08(2) 0.08(1)
M26    Mg 0.91(1) 0.91(2) 0.93(2)
           Fe 0.09(1) 0.09(2) 0.07(2)
M3     Mg 0.65(1) 0.65(2) 0.65(1)
           Fe 0.12(1) 0.13(2) 0.13(1)
           “Ti” 0.227 0.227 0.227
H 0.46(1) 0.48(2) 0.47(2)
KiL clinohumite
M3     Mg 0.896(4) 0.886(5) 0.892(5)
           Ti 0.104(4) 0.114(5) 0.108(5)
O 0.44(1) 0.52(1) 0.52(1)
H 0.40(1) 0.41(1) 0.42(1)
F 0.54(1) 0.49(1) 0.49(1)
TF chondrodite
M1    Mg 0.880(9) 0.89(1) 0.89(1)
          Fe 0.120(9) 0.11(1) 0.11(1)
O* 0.430(8) 0.432(8) 0.422(8)
H* 0.430(8) 0.432(8) 0.422(8)
F 0.570(8) 0.568(8) 0.578(8)
Note: The fraction of Ti on the M3 site of the VM clinohumite has been imposed from
EMA results. The sum of the occupancies was constrained to 1.
* O and H occupancies were constrained to be equal.

Table D8. Selected polyhedral bond distances (Å) from room-temperature refinements.
VM KiL TF

M1c -O1,1 (x2) 2.096(1) 2.091(1) M1-O1 (x2) 2.097(1)
        -O1,2 (x2) 2.079(1) 2.072(1)       -O3 (x2) 2.128(1)
        -O1,4 (x2) 2.137(1) 2.127(1)       -O4 (x2) 2.125(1)
< M1c-O  > 2.104 2.097 2.117
V (Å3) 11.93(1) 11.818(7) 12.128(6)
OQE 1.0273(5) 1.0266(3) 1.0284(3)
M1n-O1,1 2.108(2) 2.101(2)
       -O1,2 2.086(2) 2.085(2)
       -O1,3 2.130(2) 2.116(1)
       -O2,1 2.093(2) 2.098(2)
       -O2,2 2.067(2) 2.065(2)
       -O2,3 2.148(2) 2.138(2)
< M1n-O > 2.105 2.101
V (Å3) 11.93(1) 11.861(7)
OQE 1.029(2) 1.024(2)
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Table D8, continuing.
VM KiL TF

M25-O1,3 2.033(2) 2.028(2) M2-O1 2.059(1)
       -O2,1 2.176(2) 2.172(1)       -O2 2.235(1)
       -O2,2 2.080(2) 2.061(1)       -O3 2.032(1)
       -O2,3 2.197(2) 2.190(2)       -O3 2.184(1)
       -O2,4 2.258(2) 2.221(1)       -O4 2.177(1)
       -O/F 2.059(2) 2.057(2)       -O/F 2.060(1)
< M25-O > 2.134 2.122 2.125
V (Å3) 12.52(1) 12.339(8) 12.382(6)
OQE 1.0244(5) 1.0224(3) 1.0229(5)
M26-O1,1 2.186(2) 2.181(1)
       -O1,2 2.059(2) 2.049(1)
       -O1,3 2.193(2) 2.195(1)
       -O1,4 2.051(2) 2.053(2)
       -O1,4 2.260(2) 2.236(1)
       -O2,3 2.074(2) 2.072(2)
< M26-O > 2.137 2.131
V (Å3) 12.50(1) 12.423(8)
OQE 1.029(1) 1.0268(9)
M3-O2,1 2.116(2) 2.112(2) M3-O1 2.192(1)
      -O2,2 2.204(2) 2.191(2)       -O2 2.001(1)
      -O2,4 2.115(2) 2.106(2)       -O2 2.121(1)
      -O2,4 1.985(2) 1.995(2)       -O4 2.124(1)
      -O/F 2.035(2) 2.030(2)       -O/F 2.033(1)
      -O/F 2.070(2) 2.050(2)       -O/F 2.059(1)
< M3-O > 2.088 2.081 2.088
V (Å3) 11.81(1) 11.704(8) 11.849(5)
OQE 1.019(2) 1.018(2) 1.018(1)
Si1-O1,1 1.609(2) 1.612(2) Si1-O1 1.647(1)
     -O1,2 1.652(2) 1.656(2)      -O2 1.638(1)
     -O1,3 1.638(2) 1.638(2)      -O3 1.643(1)
     -O1,4 1.634(2) 1.632(2)      -O4 1.614(1)
< Si1-O > 1.633 1.635 1.636
V (Å3) 2.203(3) 2.205(2) 2.212(2)
TQE 1.010(1) 1.011(1) 1.0099(9)
Si2-O2,1 1.611(2) 1.615(2)
     -O2,2 1.644(2) 1.647(1)
     -O2,3 1.635(2) 1.638(2)
     -O2,4 1.640(2) 1.636(2)
< Si2-O > 1.633 1.634
V (Å3) 2.200(3) 2.203(2)
TQE 1.010(2) 1.011(2)
Note: The octahedral (OQE) and tetrahedral (TQE) quadratic elongation is given after
Robinson et al. (1971).

D8



Table D9. Selected interatomic distances (Å) and angles (°) related to the (OH)F-1

substitution.

VM clinohumite KiL clinohumite
RT 100 K 20 K RT 100 K 20 K

O-H 1.029(6) 1.029(7) 1.021(7) 1.034(6) 1.034(6) 1.029(6)

O/F···O/F 2.898(2) 2.889(3) 2.891(3) 2.958(2) 2.960(2) 2.956(2)
H···O/F 1.872(6) 1.863(7) 1.873(7) 1.929(6) 1.930(6) 1.931(6)
O-H···O/F 174.6(5) 173.9(6) 174.2(6) 173.2(5) 173.4(6) 173.6(6)

O/F···O2,2/O1 2.957(2) 2.948(2) 2.948(2) 2.954(2) 2.949(2) 2.951(2)
H···O2,2/O1 2.536(6) 2.525(7) 2.525(7) 2.508(5) 2.506(7) 2.513(7)
O-H···O2,2/O1 103.9(4) 104.0(5) 104.2(5) 105.3(4) 105.0(4) 105.0(4)

H-H 0.853(8) 0.85(1) 0.86(1) 0.91(1) 0.91(1) 0.92(1)
Note: RT = room temperature

TF chondrodite
RT 100 K 10 K

O-H 1.028(4) 1.028(4) 1.024(4)

O/F···O/F 2.939(1) 2.934(1) 2.932(1)
H···O/F 1.918(4) 1.912(4) 1.916(4)
O-H···O/F 171.7(3) 172.1(3) 171.8(3)

O/F···O2,2/O1 2.962(1) 2.957(1) 2.954(1)
H···O2,2/O1 2.502(4) 2.502(4) 2.496(4)
O-H···O2,2/O1 106.5(3) 106.1(2) 106.5(3)

H-H 0.913(7) 0.904(7) 0.915(7)
Note: RT = room temperature
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Table D10. Anisotropic atomic displacement parameters, multiplied by 100.

VM clinohumite, RT
Site U11 U22 U33 U12 U13 U23

M1c 0.63(9) 1.05(8) 0.67(7) 0.01(6) -0.04(5) 0.26(5)
M1n 0.40(6) 1.19(6) 0.78(5) -0.02(4) 0.09(3) 0.08(4)
M25 0.65(6) 0.95(6) 0.81(5) 0.01(4) -0.03(4) 0.29(4)
M26 0.65(6) 0.84(6) 0.87(6) -0.04(4) -0.03(4) 0.18(4)
M3 0.59(9) 0.65(8) 0.91(8) -0.20(6) 0.05(6) 0.52(5)
Si1 0.27(7) 0.92(6) 0.70(6) 0.05(5) -0.05(5) 0.22(5)
Si2 0.31(7) 0.85(7) 0.74(6) -0.02(5) 0.05(5) 0.13(5)
O1,1 0.51(6) 1.08(5) 0.87(5) 0.02(4) -0.02(4) 0.15(4)
O1,2 0.48(5) 0.86(5) 0.89(5) -0.01(4) -0.01(4) 0.25(4)
O1,3 0.48(5) 1.15(5) 0.86(5) 0.00(4) 0.07(4) 0.39(4)
O1,4 0.64(5) 0.99(5) 0.81(5) -0.01(4) -0.01(4) 0.06(4)
O2,1 0.37(6) 1.09(5) 0.92(5) -0.04(4) -0.04(4) 0.28(4)
O2,2 0.61(5) 0.91(5) 1.00(5) 0.04(4) 0.02(4) 0.28(4)
O2,3 0.61(6) 1.13(5) 0.97(5) 0.02(4) -0.02(4) 0.45(4)
O2,4 0.68(6) 1.11(5) 0.84(5) 0.03(4) 0.13(4) -0.01(4)
O/F 1.23(7) 1.41(6) 1.29(6) 0.00(5) 0.40(5) 0.06(4)
H 1.7(3) 2.4(3) 2.1(3) -0.4(2) -0.6(2) 0.0(2)
VM clinohumite, 100 K
Site U11 U22 U33 U12 U13 U23

M1c 0.2(1) 0.7(1) 0.46(9) -0.10(7) -0.09(7) 0.15(6)
M1n 0.36(7) 0.81(6) 0.44(6) 0.00(4) 0.01(4) 0.13(4)
M25 0.39(7) 0.64(7) 0.55(6) 0.01(5) -0.02(5) 0.15(5)
M26 0.28(8) 0.75(7) 0.60(7) -0.08(5) -0.02(5) 0.10(4)
M3 0.48(11) 0.25(9) 0.53(9) -0.13(7) 0.07(7) 0.19(6)
Si1 0.26(9) 0.70(8) 0.52(8) 0.08(6) 0.00(6) 0.13(6)
Si2 0.27(9) 0.70(8) 0.44(8) 0.03(6) -0.01(6) 0.02(6)
O1,1 0.27(7) 0.90(6) 0.53(5) -0.02(5) 0.00(5) 0.15(5)
O1,2 0.48(6) 0.69(6) 0.75(6) -0.04(5) 0.10(5) 0.20(4)
O1,3 0.41(7) 0.88(6) 0.55(6) -0.03(5) 0.07(5) 0.16(4)
O1,4 0.32(6) 0.85(6) 0.60(5) -0.09(5) -0.03(5) 0.05(4)
O2,1 0.31(7) 0.93(6) 0.68(6) -0.05(5) 0.03(5) 0.17(5)
O2,2 0.43(6) 0.81(6) 0.63(5) 0.00(5) 0.02(5) 0.20(4)
O2,3 0.34(7) 0.96(6) 0.70(6) 0.01(5) -0.02(5) 0.36(5)
O2,4 0.56(7) 0.79(6) 0.68(6) 0.01(5) 0.18(5) 0.05(4)
O/F 1.02(8) 1.15(7) 0.98(6) -0.05(5) 0.32(6) -0.05(5)
H 1.3(3) 2.0(3) 2.4(3) -0.4(2) -0.6(2) -0.2(2)
Note: Here O/F ∫ O(H), no F
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Table D10, continuing.

VM clinohumite, 20 K
Site U11 U22 U33 U12 U13 U23

M1c 0.3(1) 0.68(9) 0.42(8) 0.03(6) -0.01(6) 0.17(6)
M1n 0.13(6) 0.70(6) 0.50(5) -0.02(4) 0.02(4) 0.08(4)
M25 0.24(7) 0.65(7) 0.54(6) -0.01(5) -0.07(4) 0.24(4)
M26 0.21(7) 0.60(7) 0.52(6) -0.02(4) -0.04(4) 0.13(4)
M3 0.25(10) 0.31(9) 0.62(9) -0.27(7) 0.07(7) 0.39(6)
Si1 0.25(9) 0.64(7) 0.55(7) 0.01(6) -0.05(6) 0.24(6)
Si2 0.11(9) 0.70(8) 0.48(7) -0.04(6) 0.05(5) 0.09(6)
O1,1 0.24(7) 0.73(6) 0.64(6) -0.02(4) 0.03(4) 0.09(4)
O1,2 0.43(6) 0.56(5) 0.65(6) -0.06(5) -0.01(5) 0.23(4)
O1,3 0.33(6) 0.85(6) 0.66(6) -0.05(5) 0.03(5) 0.19(4)
O1,4 0.36(6) 0.72(6) 0.54(5) -0.05(5) -0.04(4) 0.05(4)
O2,1 0.15(7) 0.78(6) 0.79(6) -0.13(4) -0.05(4) 0.27(5)
O2,2 0.30(6) 0.72(6) 0.72(5) 0.00(5) 0.00(4) 0.19(4)
O2,3 0.27(6) 0.86(6) 0.72(6) 0.04(5) -0.02(4) 0.43(4)
O2,4 0.45(6) 0.66(5) 0.75(6) 0.01(5) 0.11(5) 0.07(4)
O/F 0.95(8) 1.21(6) 1.03(6) 0.05(5) 0.34(5) 0.11(5)
H 1.5(3) 2.1(3) 1.9(3) -0.2(2) -0.8(2) 0.2(2)
Note: Here O/F ∫ O(H), no F

KiL clinohumite, RT
Site U11 U22 U33 U12 U13 U23

M1c 0.52(6) 0.77(6) 0.54(6) 0.01(5) -0.01(5) 0.27(5)
M1n 0.52(4) 0.70(4) 0.49(4) 0.02(3) 0.03(3) -0.00(3)
M25 0.65(5) 0.58(4) 0.65(4) 0.01(3) 0.02(4) 0.22(3)
M26 0.58(5) 0.54(4) 0.64(4) -0.01(3) -0.02(4) 0.13(3)
M3 0.55(6) 0.46(5) 0.49(5) 0.02(4) -0.09(4) 0.23(4)
Si1 0.36(6) 0.49(5) 0.41(5) 0.01(4) 0.09(4) 0.10(4)
Si2 0.24(6) 0.48(5) 0.42(5) -0.02(4) -0.01(4) 0.06(4)
O1,1 0.39(4) 0.69(4) 0.56(4) -0.03(3) -0.06(3) 0.15(3)
O1,2 0.56(4) 0.49(4) 0.65(4) 0.07(3) 0.04(3) 0.16(3)
O1,3 0.58(4) 0.70(4) 0.52(4) -0.03(3) 0.03(3) 0.26(3)
O1,4 0.52(4) 0.66(4) 0.52(4) 0.08(3) 0.00(3) -0.01(3)
O2,1 0.34(4) 0.67(4) 0.65(4) 0.01(3) 0.01(3) 0.18(3)
O2,2 0.68(4) 0.52(4) 0.64(4) -0.02(3) 0.02(3) 0.13(3)
O2,3 0.57(4) 0.73(4) 0.56(4) 0.01(3) 0.02(3) 0.29(3)
O2,4 0.57(4) 0.64(4) 0.56(4) 0.00(3) 0.12(3) -0.03(3)
O/F 0.90(5) 0.76(4) 0.85(5) 0.09(3) 0.34(4) 0.19(3)
H 1.6(2) 2.4(2) 2.0(2) -0.4(2) -0.6(2) -0.2(2)
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 Table D10, continuing.

KiL clinohumite, 100 K
Site U11 U22 U33 U12 U13 U23

M1c 0.27(7) 0.49(6) 0.28(6) 0.00(5) -0.02(6) 0.20(5)
M1n 0.25(4) 0.43(4) 0.25(4) 0.004(3) 0.01(4) 0.05(3)
M25 0.39(5) 0.35(5) 0.38(5) -0.03(4) -0.02(4) 0.19(4)
M26 0.35(5) 0.41(4) 0.29(5) -0.08(4) -0.04(4) 0.01(3)
M3 0.26(7) 0.09(6) 0.22(6) -0.10(4) -0.01(5) 0.24(4)
Si1 0.07(6) 0.34(5) 0.20(6) -0.01(4) 0.03(5) 0.09(4)
Si2 0.32(6) 0.35(6) 0.12(6) 0.01(4) -0.02(5) 0.00(4)
O1,1 0.28(5) 0.37(4) 0.30(4) 0.01(3) 0.00(4) 0.14(3)
O1,2 0.35(4) 0.35(4) 0.35(4) 0.05(3) 0.03(4) 0.11(3)
O1,3 0.37(5) 0.35(4) 0.29(4) 0.03(3) 0.08(4) 0.09(3)
O1,4 0.35(4) 0.39(4) 0.35(4) 0.00(3) -0.02(4) 0.11(3)
O2,1 0.22(5) 0.38(4) 0.34(4) -0.01(3) -0.06(3) 0.09(3)
O2,2 0.40(5) 0.30(4) 0.35(4) 0.00(3) 0.01(4) 0.11(3)
O2,3 0.43(5) 0.40(4) 0.28(4) -0.01(4) 0.08(4) 0.15(3)
O2,4 0.37(5) 0.44(4) 0.24(4) 0.04(3) 0.04(4) 0.03(3)
O/F 0.78(5) 0.59(4) 0.57(5) 0.04(4) 0.31(4) 0.11(4)
H 1.6(3) 2.0(2) 1.9(3) -0.3(2) -0.7(2) -0.3(2)
KiL clinohumite, 20 K
Site U11 U22 U33 U12 U13 U23

M1c 0.24(7) 0.41(6) 0.32(6) -0.04(5) -0.05(6) 0.15(5)
M1n 0.30(5) 0.43(4) 0.23(4) 0.02(3) 0.05(4) 0.06(3)
M25 0.38(5) 0.37(4) 0.31(4) -0.09(4) -0.02(4) 0.12(4)
M26 0.36(5) 0.32(4) 0.33(4) -0.04(4) -0.06(4) 0.12(3)
M3 0.27(7) 0.15(6) 0.24(6) -0.04(4) 0.05(5) 0.21(4)
Si1 0.18(6) 0.30(5) 0.22(6) -0.03(4) 0.06(5) 0.14(4)
Si2 0.25(6) 0.27(5) 0.17(6) -0.02(4) 0.00(4) 0.04(4)
O1,1 0.26(5) 0.42(4) 0.28(4) 0.03(3) -0.09(4) 0.11(3)
O1,2 0.37(4) 0.40(4) 0.32(4) 0.02(3) -0.02(4) 0.14(3)
O1,3 0.36(5) 0.44(4) 0.27(4) 0.03(3) 0.00(4) 0.14(3)
O1,4 0.45(5) 0.37(4) 0.29(4) 0.04(3) -0.05(4) 0.04(3)
O2,1 0.22(5) 0.42(4) 0.35(4) 0.02(3) -0.03(4) 0.11(3)
O2,2 0.41(5) 0.30(4) 0.31(4) 0.02(3) 0.03(4) 0.10(3)
O2,3 0.39(5) 0.45(4) 0.18(4) -0.02(3) -0.02(4) 0.13(3)
O2,4 0.33(5) 0.35(4) 0.33(4) 0.01(3) 0.04(4) 0.00(3)
O/F 0.77(5) 0.51(4) 0.54(5) 0.05(4) 0.28(4) 0.09(4)
H 1.4(2) 2.5(3) 2.2(3) -0.3(2) -0.6(2) -0.0(2)
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Table D10, continuing.

TF chondrodite, RT
Site U11 U22 U33 U12 U13 U23

M1 0.64(4) 0.87(5) 1.00(5) 0.05(4) 0.03(3) 0.18(3)
M2 0.63(3) 0.69(3) 1.03(3) -0.03(2) -0.02(2) 0.30(2)
M3 0.78(3) 0.85(3) 0.96(3) -0.01(2) -0.04(2) 0.29(2)
Si1 0.34(4) 0.73(4) 0.89(4) -0.00(3) 0.03(3) 0.25(3)
O1 0.73(3) 0.76(3) 1.08(3) -0.01(2) 0.02(2) 0.32(2)
O2 0.65(3) 0.79(3) 1.00(3) 0.02(2) 0.07(2) 0.11(2)
O3 0.69(3) 1.01(3) 1.00(3) -0.03(2) 0.02(2) 0.41(2)
O4 0.51(3) 0.93(3) 1.09 (3) -0.01(2) 0.00(2) 0.31(2)
O/F 1.05(3) 0.97(3) 1.37(3) 0.17(2) 0.33(2) 0.40(3)
H 1. 5(1) 3.0(2) 2.8(2) -0. 5(1) -0.7(1) 0.3(1)
TF chondrodite, 100 K
Site U11 U22 U33 U12 U13 U23

M1 0.57(5) 0.54(5) 0.55(5) 0.02(3) 0.00(3) 0.05(3)
M2 0.48(3) 0.50(3) 0.57(3) -0.00(2) 0.03(2) 0.11(2)
M3 0.62(3) 0.62(3) 0.64(3) 0.01(2) -0.01(2) 0.15(2)
Si1 0.39(4) 0.55(4) 0.55(4) 0.01(3) -0.01(3) 0.09(3)
O1 0.645(3) 0.60(3) 0.68(3) -0.00(2) 0.02(2) 0.17(2)
O2 0.57(3) 0.58(3) 0.64(3) 0.00(2) 0.06(2) 0.02(2)
O3 0.61(3) 0.74(3) 0.64(3) -0.02(2) 0.01(2) 0.22(2)
O4 0.48(3) 0.70(4) 0.68(3) -0.02(2) -0.00(2) 0.15(2)
O/F 0.88(4) 0.75(3) 0.86(3) 0.09(2) 0.24(2) 0.21(3)
H 1.2(1) 2.6(2) 2.2(2) -0.4(1) -0.5(1) 0.3(1)
TF chondrodite, 10 K
Site U11 U22 U33 U12 U13 U23

M1 0.40(5) 0.58(5) 0.49(5) 0.01(3) -0.01(3) 0.02(3)
M2 0.36(3) 0.48(3) 0.58(3) 0.04(2) 0.03(2) 0.10(3)
M3 0.50(4) 0.61(3) 0.60(3) -0.04(2) -0.04(2) 0.13(3)
Si1 0.34(4) 0.50(4) 0.52(4) 0.02(3) 0.03(3) 0.09(3)
O1 0.53(3) 0.59(3) 0.65(3) 0.00(2) 0.00(2) 0.15(2)
O2 0.46(3) 0.59(3) 0.61(3) 0.04(2) 0.07(2) 0.02(2)
O3 0.48(3) 0.71(3) 0.62(3) -0.01(2) 0.02(2) 0.20(3)
O4 0.43(3) 0.68(3) 0.67(3) 0.02(2) 0.03(2) 0.14(2)
O/F 0.79(4) 0.69(3) 0.83(4) 0.09(2) 0.24(2) 0.19(3)
H 1.0(1) 2.3(2) 2.0(2) -0.3(1) -0.3(1) 0.0(1)
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Table E1. Atom positions and atom displacement parameters of the TF chondrodite
with pressure.

x y z Biso

0.0001 GPa
M1 1/2 0 1/2 0.7(1)
M2 0.0115(6) 0.1731(7) 0.3076(5) 0.64(6)
M3 0.4922(6) 0.8868(7) 0.0783(6) 0.76(6)
Si 0.0773(6) 0.1432(7) 0.7051(5) 0.67(5)
O1 0.7816(13) -0.0007(14) 0.2950(11) 0.99(13)
O2 0.7273(12) 0.2426(15) 0.1251(13) 0.90(12)
O3 0.2227(12) 0.1650(15) 0.5315(12) 1.02(12)
O4 0.2660(11) 0.8523(16) 0.2957(12) 0.98(13)
O/F 0.2605(11) 0.0563(13) 0.0995(10) 1.14(14)

4.95 GPa
M1 1/2 0 1/2 0.79(8)
M2 0.0097(5) 0.1746(5) 0.3054(4) 0.69(4)
M3 0.4917(5) 0.8871(6) 0.0791(4) 0.70(4)
Si 0.0760(5) 0.1441(5) 0.7045(4) 0.63(4)
O1 0.7797(10) -0.0002(11) 0.2936(9) 1.05(10)
O2 0.7294(10) 0.2412(11) 0.1246(10) 0.89(9)
O3 0.2249(10) 0.1668(11) 0.5286(9) 1.05(10)
O4 0.2678(9) 0.8542(11) 0.2933(10) 1.00(10)
O/F 0.2581(8) 0.0571(10) 0.0985(8) 1.07(10)

9.55 GPa
M1 1/2 0 1/2 0.78(8)
M2 0.0106(5) 0.1748(6) 0.3054(4) 0.67(4)
M3 0.4924(5) 0.8885(6) 0.0800(5) 0.84(4)
Si 0.0754(5) 0.1444(5) 0.7038(4) 0.78(4)
O1 0.7775(10) 0.0008(12) 0.2959(10) 1.14(10)
O2 0.7306(9) 0.2387(11) 0.1233(10) 0.81(9)
O3 0.2276(10) 0.1692(12) 0.5263(10) 1.01(10)
O4 0.2694(9) 0.8533(12) 0.2948(10) 0.97(10)
O/F 0.2581(8) 0.0563(10) 0.0983(8) 1.16(10)

Note: Space-group setting P21/b. The O and F occupancies were fixed to 0.43 and 0.57,
respectively. The Mg and Fe occupancies were refined to 0.90(2) Mg and 0.10(2) Fe on
the M1 site.
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 Table E2. Selected octahedral and tetrahedral bond distances (Å) of TF chondrodite at
high pressure.

0.0001 GPa 4.95 GPa 9.55 GPa
M1-O1 (2x) 2.092(8) 2.070(6) 2.034(7)
     -O3 (2x) 2.094(10) 2.078(8) 2.072(8)
     -O4 (2x) 2.127(10) 2.097(7) 2.071(8)
V (Å3) 11.80(8) 11.49(6) 11.16(6)
v.u. 1.976 2.100 2.234
OQE 1.035(4) 1.031(3) 1.028(3)
M2-O1 2.066(12) 2.048(9) 2.032(9)
     -O2 2.249(10) 2.184(8) 2.155(8)
     -O3 2.052(10) 2.029(7) 1.991(8)
     -O3 2.205(10) 2.162(7) 2.129(8)
     -O4 2.150(13) 2.124(9) 2.083(10)
     -O/F 2.057(8) 2.027(6) 2.010(6)
V (Å3) 12.42(8) 11.91(5) 11.46(6)
v.u. 1.882 2.048 2.215
OQE 1.026(5) 1.022(4) 1.019(4)
M3-O1 2.199(9) 2.159(7) 2.137(7)
     -O2 2.005(10) 1.982(8) 1.961(8)
     -O2 2.110(11) 2.087(8) 2.084(8)
     -O4 2.145(11) 2.083(8) 2.074(8)
     -O/F 2.018(11) 2.004(8) 1.968(8)
     -O/F 2.051(9) 2.026(7) 2.005(7)
V (Å3) 11.82(6) 11.31(5) 11.03(5)
v.u. 2.098 2.276 2.396
OQE 1.019(11) 1.018(9) 1.017(9)
Si1-O1 1.609(12) 1.610(9) 1.606(10)
     -O2 1.626(10) 1.620(8) 1.627(7)
     -O3 1.610(10) 1.616(7) 1.626(8)
     -O4 1.625(6) 1.612(5) 1.605(5)
V (Å3) 2.14(2) 2.12(2) 2.13(2)
v.u. 4.070 4.116 4.090
TQE 1.011(9) 1.012(7) 1.012(7)
O/F···O/F 2.948(9) 2.895(7) 2.867(7)
O/F···O1 2.976(11) 2.914(9) 2.899(9)
Note: The octahedral (OQE) and tetrahedral (TQE) quadratic elongation is given after
Robinson et al. (1971).
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Table E3. Atom positions and atom displacement parameters of the (OD,F)-chondrodite
from neutron diffraction data.

x y z Uiso

1.26 GPa
M1 1/2 0 1/2 0.0025(6)
M2 0.013(2) 0.1748(6) 0.306(1) 0.0025(6)
M3 0.495(2) 0.8870(7) 0.0796(9) 0.0025(6)
Si 0.0772(9) 0.1417(6) 0.703(1) 0.006(1)
O1 0.775(1) 0.0017(6) 0.297(1) 0.0049(6)
O2 0.732(1) 0.2419(9) 0.124(1) 0.0049(6)
O3 0.225(1) 0.1681(8) 0.528(1) 0.0049(6)
O4 0.267(1) 0.8570(8) 0.296(2) 0.0049(6)
O/F 0.263(2) 0.058(1) 0.103(1) 0.008(2)
D 0.108(3) 0.022(2) 0.019(3) 0.040(4)

2.89 GPa
M1 1/2 0 1/2 0.0034(7)
M2 0.010(2) 0.1748(7) 0.305(1) 0.0034(7)
M3 0.501(2) 0.8860(8) 0.079(1) 0.0034(7)
Si 0.0767(9) 0.1410(6) 0.706(1) 0.004(1)
O1 0.774(2) 0.0034(7) 0.299(2) 0.0063(7)
O2 0.729(2) 0.2394(9) 0.124(1) 0.0063(7)
O3 0.223(2) 0.1695(9) 0.530(1) 0.0063(7)
O4 0.266(1) 0.8578(9) 0.300(2) 0.0063(7)
O/F 0.263(2) 0.059(1) 0.106(1) 0.002(2)
D 0.103(4) 0.022(2) 0.020(3) 0.030(4)

3.87 GPa
M1 1/2 0 1/2 0.0013(5)
M2 0.011(2) 0.1746(6) 0.3050(9) 0.0013(5)
M3 0.493(2) 0.8858(7) 0.0786(8) 0.0013(5)
Si 0.0769(8) 0.1407(6) 0.704(1) 0.003(1)
O1 0.771(1) 0.0022(6) 0.295(1) 0.0052(6)
O2 0.731(1) 0.2413(8) 0.124(1) 0.0052(6)
O3 0.227(1) 0.1685(8) 0.5278(9) 0.0052(6)
O4 0.2676(9) 0.8565(8) 0.297(2) 0.0052(6)
O/F 0.262(2) 0.059(1) 0.103(1) 0.006(2)
D 0.099(3) 0.021(2) 0.024(2) 0.031(3)
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Table E3, continuing.

x y z Uiso

5.27 GPa
M1 1/2 0 1/2 0.0022(6)
M2 0.011(2) 0.1750(7) 0.303(1) 0.0022(6)
M3 0.494(1) 0.8864(7) 0.0781(9) 0.0022(6)
Si 0.0775(8) 0.1409(6) 0.702(1) 0.001(1)
O1 0.773(1) 0.0022(7) 0.296(1) 0.0052(7)
O2 0.729(1) 0.2411(9) 0.123(1) 0.0052(7)
O3 0.227(1) 0.1692(9) 0.525(1) 0.0052(7)
O4 0.268(1) 0.8565(9) 0.296(2) 0.0052(7)
O/F 0.264(2) 0.0572(9) 0.101(1) 0.002(1)
D 0.105(3) 0.015(2) 0.024(3) 0.038(4)

7.04 GPa
M1 1/2 0 1/2 0.0007(6)
M2 0.012(2) 0.1746(7) 0.304(1) 0.0007(6)
M3 0.497(2) 0.8878(7) 0.0787(9) 0.0007(6)
Si 0.0770(9) 0.1419(6) 0.705(1) 0.001(1)
O1 0.774(1) 0.0028(7) 0.294(1) 0.0030(6)
O2 0.735(2) 0.2391(9) 0.123(1) 0.0030(6)
O3 0.225(1) 0.1696(9) 0.525(1) 0.0030(6)
O4 0.268(1) 0.8565(9) 0.295(2) 0.0030(6)
O/F 0.261(2) 0.057(1) 0.100(1) 0.006(2)
D 0.102(4) 0.021(2) 0.027(3) 0.037(4)

Table E4. Unit-cell parameters of (OD,F)-chondrodite from Rietveld refinements of
neutron powder diffraction data.

P (GPa) a (Å) b (Å) c (Å) a   ( ∞) V (Å3)

0.0001 4.7314(4) 10.262(2) 7.866(1) 109.14(2) 360.81(4)
1.26(1) 4.7179(2) 10.2247(7) 7.8290(7) 109.01(1) 357.06(1)
2.89(2) 4.7024(2) 10.1742(7) 7.7938(8) 109.00(1) 352.56(2)
3.87(1) 4.6939(2) 10.1458(7) 7.7722(7) 108.98(1) 350.00(1)
5.27(2) 4.6827(2) 10.1055(7) 7.7449(7) 108.98(1) 346.58(2)
7.04(2) 4.6688(2) 10.0589(7) 7.7127(8) 108.98(1) 342.51(2)
Note: Pressures were calculated from the equation of state of TF chondrodite.
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Table E5. Selected interatomic hydrogen-bond distances (Å) and angles (°) in (OD,F)-
chondrodite.

1.26 GPa 2.89 GPa 3.87 GPa 5.27 GPa 7.04 GPa
O-D 0.97(2) 1.00(2) 0.98(2) 0.97(2) 0.93(2)

O/F···O/F 2.99(2) 3.00(2) 2.97(2) 2.96(2) 2.92(2)
D···O/F 2.04(2) 2.02(2) 2.00(2) 2.00(2) 1.99(2)
O-D···O/F 166(2) 168(2) 171(2) 171(2) 173(2)

O/F···O1 3.00(1) 3.02(1) 2.96(1) 2.94(1) 2.90(2)
D···O1 2.47(2) 2.48(2) 2.49(2) 2.49(3) 2.48(2)
O-D···O1 114(2) 113(1) 109(1) 108(2) 108(2)

D-D 1.12(3) 1.07(3) 1.04(3) 1.06(3) 1.07(4)

Table E6. Atom positions and atom displacement parameters for hydroxylclinohumite
from single-crystal X-ray diffraction data at 4.0 GPa.

x y z Biso

M1c 1/2 0 1/2 0.97(5)
M1n 0.4954(5) 0.9475(3) 0.2754(6) 1.08(3)
M25 0.0058(5) 0.1429(3) 0.1715(5) 1.00(4)
M26 0.5089(5) 0.2498(3) 0.3889(5) 1.07(4)
M3 0.4881(5) 0.8753(3) 0.0426(5) 1.21(5)
Si1 0.0728(4) 0.0674(3) 0.3904(4) 0.90(3)
Si2 0.0777(4) 0.1729(2) 0.8330(4) 0.98(3)
O1,1 0.7315(10) 0.0655(6) 0.3862(11) 1.5(2)
O1,2 0.2801(9) 0.4202(6) 0.3881(10) 0.98(8)
O1,3 0.2230(9) 0.1136(6) 0.2903(10) 0.9(1)
O1,4 0.2212(11) 0.1592(6) 0.4860(10) 1.4(1)
O2,1 0.2357(8) 0.3247(6) 0.1622(10) 0.6(1)
O2,2 0.7729(9) 0.9717(6) 0.1633(11) 1.20(9)
O2,3 0.7263(10) 0.2812(6) 0.2605(12) 1.3(1)
O2,4 0.7303(9) 0.2285(6) 0.0708(10) 0.82(9)
OH 0.2621(9) 0.0490(6) 0.0565(11) 1.1(1)
Note: Space-group setting P21/b
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Table E7. Selected octahedral and tetrahedral bond distances (Å) of OH-clinohumite.
4.0 GPa ambient pressure

this study Ferraris et al. (2001) Berry and James (2001)
M1c-O1,2 (2x) 2.057(10) 2.0713(6) 2.071(2)
       -O1,1 (2x) 2.088(11) 2.0936(6) 2.084(2)
       -O1,4 (2x) 2.114(4) 2.1320(7) 2.119(2)
M1n-O2,2 2.048(13) 2.0682(7) 2.046(7)
       -O1,2 2.056(12) 2.0819(7) 2.091(3)
       -O1,1 2.062(13) 2.1092(7) 2.130(3)
       -O2,1 2.092(12) 2.0986(7) 2.098(7)
       -O1,3 2.096(5) 2.1241(7) 2.098(4)
       -O2,3 2.115(5) 2.1374(7) 2.148(8)
M25-O1,3 1.970(13) 2.0303(7) 2.050(3)
       -O2,2 2.038(4) 2.0638(7) 2.076(6)
       -OH 2.058(13) 2.0671(7) 2.046(11)
       -O2,3 2.128(11) 2.1840(7) 2.173(7)
       -O2,1 2.160(4) 2.1851(7) 2.180(4)
       -O2,4 2.171(10) 2.2144(7) 2.188(7)
M26-O1,4 2.034(13) 2.0560(7) 2.081(4)
       -O1,2 2.037(4) 2.0573(7) 2.033(4)
       -O2,3 2.087(14) 2.0722(7) 2.061(8)
       -O1,1 2.136(4) 2.1853(7) 2.221(3)
       -O1,3 2.196(10) 2.1955(7) 2.197(5)
       -O1,4 2.198(10) 2.2409(7) 2.254(4)
M3-O2,4 1.981(12) 2.0111(7) 2.040(9)
     -OH 2.033(11) 2.0429(8) 2.073(10)
     -OH 2.036(4) 2.0620(8) 2.092(9)
     -O2,1 2.069(12) 2.1380(7) 2.120(9)
     -O2,4 2.079(5) 2.1198(7) 2.104(9)
     -O2,2 2.198(12) 2.2247(7) 2.205(9)
Si1-O1,4 1.607(12) 1.6363(7) 1.641(7)
     -O1,1 1.608(5) 1.6153(7) 1.613(7)
     -O1,2 1.640(4) 1.6537(7) 1.666(8)
     -O1,3 1.666(12) 1.6398(7) 1.647(9)
Si2-O2,3 1.585(13) 1.6400(7) 1.642(7)
     -O2,1 1.611(4) 1.6154(7) 1.613(7)
     -O2,2 1.634(4) 1.6448(7) 1.646(6)
     -O2,4 1.652(11) 1.6412(7) 1.642(6)
H1: OH···OH 2.975(12) 2.998 3.056
       OH···O2,2 2.942(21) 3.003 3.038
H2: OH···O2,4 2.842(6) 2.875 2.852
       OH···O2,2 2.981(11) 3.030 3.032

E6



Table F1. Unit-cell parameters and residual values (%) of b-Ba(OD)2.

Par. RT 480 K 420 K 300 K 250 K
a (Å) 9.4098(3) 9.4881(2) 9.4576(3) 9.4084(2) 9.3912(2)
b (Å) 7.9101(3) 7.9527(2) 7.9390(2) 7.9085(1) 7.8958(1)
c (Å) 6.7759(2) 6.7985(2) 6.7893(2) 6.7748(1) 6.7682(1)
b (°) 95.765(2) 95.912(1) 95.869(2) 95.757(1) 95.720(1)

V (Å3) 501.80(3) 510.26(2) 507.09(2) 501.55(1) 499.37(2)
c2 3.807 2.283 2.461 2.454 1.779

Rwp 4.31 2.83 3.36 2.35 2.70
Rp 3.07 2.25 2.59 1.87 2.14
R(F2) 5.17 5.79 5.51 3.17 2.81
Par. 200 K 150 K 100 K 50 K 10 K
a (Å) 9.3772(2) 9.3652(2) 9.3561(2) 9.3506(2) 9.3489(1)
b (Å) 7.8850(1) 7.8763(1) 7.8696(1) 7.8659(1) 7.8649(1)
c (Å) 6.7629(1) 6.7581(1) 6.7547(1) 6.7528(1) 6.7525(1)
b (°) 95.689(1) 95.667(1) 95.656(1) 95.655(1) 95.655(1)

V (Å3) 497.58(1) 496.06(1) 494.92(1) 494.25(1) 494.08(1)
c2 1.703 1.796 1.797 1.844 2.114

Rwp 2.64 2.71 2.71 2.74 2.69
Rp 2.10 2.13 2.13 2.18 2.12
R(F2) 2.41 2.37 2.20 2.21 2.26

Table F2. Unit-cell parameters and residual values (%) of a- and am-Ba(OD)2.

Par. 552 K 480 K 200 K 150 K
a (Å) 11.1191(5) 11.0818(4) 10.9789(3) 10.9577(3)
b (Å) 16.6694(9) 16.6025(5) 16.4317(4) 16.4138(5)
c (Å) 7.1420(4) 7.1255(2) 7.0784(2) 7.0737(2)
V (Å3) 1323.8(1) 1310.99(7) 1276.96(6) 1272.26(6)
c2 1.772 2.335 3.194 3.236

Rwp 3.21 3.23 3.92 3.94
Rp 2.54 2.53 3.11 3.13
R(F2) 6.43 9.42 6.00 5.20
Par. 100 K 50 K 10 K
a (Å) 7.0832(2) 7.0826(2) 7.0825(2)
b (Å) 10.8967(3) 10.8730(3) 10.8701(3)
c (Å) 16.4306(5) 16.4338(4) 16.4349(4)
b (°) 91.060(2) 91.309(2) 91.333(2)

V (Å3) 1267.96(6) 1265.22(5) 1264.94(5)
c2 2.310 1.751 1.987

Rwp 3.30 2.86 3.06
Rp 2.65 2.25 2.45
R(F2) 2.95 2.15 2.13

c2 = ∑w(Io – Ic)
2 / (Nobs – Nvar); Rwp = [∑w(Io – Ic)

2 / ∑w(Io
2)]1/2; Rp = ∑|Io – Ic| / ∑Io;

R(F2) = ∑|Fo
2 – SFc

2| / ∑|Fo
2|; where w = weight, S = scale factor, Nobs = number of

observations, Nvar = number of variables, RT = room temperature.
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Table F3. Atom positions and atom displacement parameters of b-Ba(OD)2 at various

temperatures.

Site x y z Ueq

RT
Ba1 0.5990(5) 0.6394(6) 0.2505(7) 0.012(1)
Ba2 0.1793(4) 0.5499(5) 0.2170(7) 0.0090(9)
O1 0.8802(4) 0.4871(5) 0.1769(7) 0.0133(9)
O2 0.4108(4) 0.3595(6) 0.1439(6) 0.0139(9)
O3 0.6052(4) 0.3451(6) 0.4916(7) 0.016(1)
O4 0.1659(5) 0.2949(5) 0.4662(7) 0.021(1)
D1 0.8828(5) 0.5298(6) 0.3094(7) 0.036(1)
D2 0.4702(4) 0.3484(5) 0.2682(7) 0.0275(9)
D3 0.6258(5) 0.2365(6) 0.4394(7) 0.031(1)
D4 0.1029(5) 0.2462(6) 0.5475(9) 0.036(1)

480 K
Ba1 0.5999(3) 0.6371(4) 0.2534(5) 0.0206(8)
Ba2 0.1810(3) 0.5446(4) 0.2139(5) 0.0154(7)
O1 0.8851(3) 0.4842(4) 0.1797(6) 0.0286(8)
O2 0.4086(3) 0.3568(4) 0.1418(5) 0.0243(8)
O3 0.6092(3) 0.3466(5) 0.4979(6) 0.0335(9)
O4 0.1693(3) 0.2920(4) 0.4643(5) 0.0277(9)
D1 0.8840(4) 0.5279(5) 0.3092(6) 0.059(1)
D2 0.4681(3) 0.3476(4) 0.2636(5) 0.0447(9)
D3 0.6266(4) 0.2432(5) 0.4446(6) 0.055(1)
D4 0.1080(4) 0.2474(5) 0.5479(7) 0.057(1)

420 K
Ba1 0.5996(4) 0.6382(5) 0.2519(6) 0.0176(9)
Ba2 0.1802(4) 0.5474(4) 0.2158(6) 0.0127(8)
O1 0.8827(4) 0.4857(5) 0.1783(6) 0.0224(8)
O2 0.4096(4) 0.3578(5) 0.1430(5) 0.0193(8)
O3 0.6075(4) 0.3451(5) 0.4952(6) 0.0253(9)
O4 0.1675(4) 0.2933(5) 0.4642(6) 0.025(1)
D1 0.8832(4) 0.5279(5) 0.3099(7) 0.048(1)
D2 0.4684(4) 0.3480(5) 0.2650(6) 0.0370(9)
D3 0.6256(4) 0.2398(5) 0.4409(6) 0.043(1)
D4 0.1058(4) 0.2470(5) 0.5474(8) 0.049(1)

300 K
Ba1 0.6018(2) 0.6396(3) 0.2519(3) 0.0111(5)
Ba2 0.1810(2) 0.5475(3) 0.2158(3) 0.0110(5)
O1 0.8825(2) 0.4866(3) 0.1772(3) 0.0140(5)
O2 0.4108(2) 0.3594(3) 0.1444(3) 0.0147(5)
O3 0.6068(2) 0.3462(3) 0.4953(3) 0.0163(5)
O4 0.1662(2) 0.2960(3) 0.4646(3) 0.0181(5)
D1 0.8844(2) 0.5299(3) 0.3101(4) 0.0354(6)
D2 0.4697(2) 0.3494(3) 0.2702(3) 0.0258(4)
D3 0.6249(2) 0.2383(3) 0.4424(3) 0.0323(6)
D4 0.1041(3) 0.2444(3) 0.5505(4) 0.0353(6)
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Table F3, continuing.

Site x y z Ueq

250 K
Ba1 0.6027(3) 0.6400(3) 0.2512(4) 0.0084(5)
Ba2 0.1813(2) 0.5483(3) 0.2160(4) 0.0091(5)
O1 0.8824(2) 0.4870(3) 0.1766(4) 0.0113(5)
O2 0.4114(2) 0.3601(3) 0.1452(3) 0.0125(5)
O3 0.6066(2) 0.3464(3) 0.4947(4) 0.0130(5)
O4 0.1654(2) 0.2962(3) 0.4656(4) 0.0139(5)
D1 0.8847(2) 0.5304(3) 0.3104(4) 0.0299(6)
D2 0.4702(2) 0.3494(3) 0.2709(3) 0.0231(5)
D3 0.6249(2) 0.2370(3) 0.4426(3) 0.0280(6)
D4 0.1028(3) 0.2434(3) 0.5507(4) 0.0306(6)

200 K
Ba1 0.6029(2) 0.6406(3) 0.2503(3) 0.0065(5)
Ba2 0.1816(2) 0.5482(3) 0.2158(4) 0.0070(4)
O1 0.8823(2) 0.4878(3) 0.1763(3) 0.0094(4)
O2 0.4119(2) 0.3604(3) 0.1452(3) 0.0092(4)
O3 0.6067(2) 0.3462(3) 0.4942(3) 0.0096(4)
O4 0.1649(2) 0.2964(3) 0.4651(3) 0.0117(5)
D1 0.8846(2) 0.5308(3) 0.3104(4) 0.0270(5)
D2 0.4708(2) 0.3494(3) 0.2721(3) 0.0209(4)
D3 0.6246(2) 0.2362(3) 0.4423(3) 0.0257(6)
D4 0.1022(2) 0.2431(3) 0.5514(4) 0.0272(6)

150 K
Ba1 0.6027(2) 0.6408(3) 0.2506(3) 0.0051(5)
Ba2 0.1813(2) 0.5489(3) 0.2161(3) 0.0048(4)
O1 0.8819(2) 0.4886(2) 0.1761(3) 0.0065(4)
O2 0.4124(2) 0.3605(3) 0.1460(3) 0.0070(4)
O3 0.6068(2) 0.3462(3) 0.4937(3) 0.0067(4)
O4 0.1649(2) 0.2964(2) 0.4653(3) 0.0089(4)
D1 0.8847(2) 0.5311(3) 0.3106(3) 0.0239(5)
D2 0.4711(2) 0.3502(3) 0.2725(3) 0.0181(4)
D3 0.6246(2) 0.2359(3) 0.4422(3) 0.0224(5)
D4 0.1017(2) 0.2429(3) 0.5517(4) 0.0252(6)

100 K
Ba1 0.6032(2) 0.6408(3) 0.2505(3) 0.0024(4)
Ba2 0.1814(2) 0.5488(3) 0.2162(3) 0.0034(4)
O1 0.8819(2) 0.4886(2) 0.1767(3) 0.0053(4)
O2 0.4119(2) 0.3604(2) 0.1458(3) 0.0057(4)
O3 0.6064(2) 0.3464(3) 0.4937(3) 0.0046(4)
O4 0.1646(2) 0.2960(2) 0.4655(3) 0.0062(4)
D1 0.8847(2) 0.5317(3) 0.3106(3) 0.0219(5)
D2 0.4711(2) 0.3502(2) 0.2733(3) 0.0173(4)
D3 0.6246(2) 0.2356(3) 0.4412(3) 0.0202(5)
D4 0.1012(2) 0.2427(3) 0.5514(4) 0.0229(5)
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Table F3, continuing.

Site x y z Ueq

50 K
Ba1 0.6032(2) 0.6411(2) 0.2509(3) 0.0007(4)
Ba2 0.1817(2) 0.5495(3) 0.2158(3) 0.0019(4)
O1 0.8822(2) 0.4887(2) 0.1764(3) 0.0039(4)
O2 0.4122(2) 0.3605(2) 0.1457(3) 0.0041(4)
O3 0.6065(2) 0.3463(3) 0.4933(3) 0.0031(4)
O4 0.1643(2) 0.2964(2) 0.4656(3) 0.0053(4)
D1 0.8847(2) 0.5315(3) 0.3106(3) 0.0198(4)
D2 0.4712(2) 0.3503(2) 0.2727(3) 0.0156(4)
D3 0.6245(2) 0.2353(3) 0.4418(3) 0.0189(5)
D4 0.1010(2) 0.2431(3) 0.5521(4) 0.0209(5)

10 K
Ba1 0.6031(2) 0.6413(2) 0.2504(3) 0.0004(4)
Ba2 0.1815(2) 0.5489(2) 0.2163(3) 0.0013(4)
O1 0.8821(2) 0.4890(2) 0.1763(3) 0.0033(4)
O2 0.4125(2) 0.3604(2) 0.1457(3) 0.0033(4)
O3 0.6064(2) 0.3467(2) 0.4934(3) 0.0017(4)
O4 0.1641(2) 0.2961(2) 0.4655(3) 0.0051(4)
D1 0.8848(2) 0.5319(2) 0.3105(3) 0.0196(4)
D2 0.4714(2) 0.3500(2) 0.2734(3) 0.0153(4)
D3 0.6245(2) 0.2355(2) 0.4424(3) 0.0173(5)
D4 0.1007(2) 0.2425(3) 0.5521(3) 0.0199(5)

Table F4. Atom positions and atom displacement parameters of a-Ba(OD)2 at various

temperatures.

Site x y z Ueq

552 K
Ba1 0.319(1) 0.2500 0.444(1) 0.026(3)
Ba2 0.4731(5) 0.3772(5) 0.9170(9) 0.023(2)
Ba3 0.3330(6) 0.4883(4) 0.422(1) 0.024(2)
O1 0.079(1) 0.2500 0.373(2) 0.040(3)
O2 0.327(1) 0.2500 0.812(2) 0.052(4)
O3 0.4925(9) 0.3668(7) 0.528(1) 0.061(3)
O4 0.2814(8) 0.3804(5) 0.161(1) 0.047(3)
O5 0.2130(6) 0.3963(4) 0.655(1) 0.033(2)
O6 0.0570(8) 0.4746(5) 0.299(1) 0.042(2)
D1 0.054(1) 0.2500 0.265(3) 0.126(7)
D2 0.268(1) 0.2500 0.905(2) 0.081(5)
D3 0.553(1) 0.3388(6) 0.495(1) 0.112(5)
D4 0.2277(8) 0.3515(6) 0.130(2) 0.109(5)
D5 0.2356(6) 0.3556(5) 0.736(1) 0.052(2)
D6 0.0807(9) 0.4316(5) 0.246(1) 0.096(4)
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Table F4, continuing.

Site x y z Ueq

480 K
Ba1 0.3171(8) 0.2500 0.441(1) 0.021(2)
Ba2 0.4737(4) 0.3764(4) 0.9180(7) 0.019(1)
Ba3 0.3338(5) 0.4883(3) 0.4249(9) 0.021(2)
O1 0.0775(9) 0.2500 0.376(1) 0.042(3)
O2 0.3257(9) 0.2500 0.814(1) 0.043(3)
O3 0.4930(7) 0.3654(5) 0.529(1) 0.046(2)
O4 0.2809(6) 0.3803(4) 0.164(1) 0.035(2)
O5 0.2141(5) 0.3950(3) 0.6572(8) 0.027(2)
O6 0.0574(7) 0.4756(4) 0.298(1) 0.038(2)
D1 0.055(1) 0.2500 0.261(2) 0.131(6)
D2 0.2683(9) 0.2500 0.913(2) 0.077(4)
D3 0.5542(8) 0.3390(5) 0.496(1) 0.101(4)
D4 0.2252(7) 0.3516(5) 0.127(1) 0.102(3)
D5 0.2372(5) 0.3527(4) 0.7382(8) 0.048(2)
D6 0.0779(7) 0.4303(4) 0.246(1) 0.081(3)

200 K
Ba1 0.3185(6) 0.2500 0.4382(9) 0.001(2)
Ba2 0.4771(4) 0.3766(3) 0.9157(6) 0.007(1)
Ba3 0.3323(4) 0.4893(3) 0.4292(7) 0.005(1)
O1 0.0758(7) 0.2500 0.372(1) 0.012(2)
O2 0.3212(8) 0.2500 0.815(1) 0.031(2)
O3 0.4975(5) 0.3646(3) 0.5226(7) 0.014(1)
O4 0.2855(4) 0.3787(3) 0.1598(7) 0.011(1)
O5 0.2180(5) 0.3941(3) 0.6573(7) 0.009(1)
O6 0.0567(5) 0.4763(3) 0.2922(7) 0.013(1)
D1 0.055(1) 0.2500 0.255(2) 0.105(5)
D2 0.2784(8) 0.2500 0.935(2) 0.057(3)
D3 0.5644(7) 0.3349(4) 0.512(1) 0.063(2)
D4 0.2152(6) 0.3597(5) 0.151(1) 0.076(2)
D5 0.2377(4) 0.3474(3) 0.7409(7) 0.028(1)
D6 0.0609(6) 0.4282(3) 0.2308(9) 0.046(2)
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Table F4, continuing.
Site x y z Ueq

150 K
Ba1 0.3187(6) 0.2500 0.4353(9) 0.0020
Ba2 0.4771(4) 0.3764(3) 0.9167(6) 0.006(1)
Ba3 0.3324(4) 0.4890(3) 0.4305(7) 0.0013(9)
O1 0.0762(6) 0.2500 0.3738(9) 0.009(1)
O2 0.3216(7) 0.2500 0.815(1) 0.023(2)
O3 0.4992(4) 0.3650(3) 0.5213(7) 0.010(1)
O4 0.2872(4) 0.3788(3) 0.1619(7) 0.009(1)
O5 0.2188(5) 0.3942(3) 0.6573(7) 0.008(1)
O6 0.0562(5) 0.4759(3) 0.2922(7) 0.012(1)
D1 0.055(1) 0.2500 0.259(2) 0.095(5)
D2 0.2808(8) 0.2500 0.939(1) 0.055(3)
D3 0.5663(6) 0.3333(4) 0.516(1) 0.058(2)
D4 0.2129(6) 0.3616(5) 0.157(1) 0.066(2)
D5 0.2379(4) 0.3469(3) 0.7417(7) 0.024(1)
D6 0.0579(6) 0.4279(3) 0.2274(8) 0.041(2)

Table F5. Atom positions and atom displacement parameters of am-Ba(OD)2 at low

temperatures.
100 K

Site x y z Ueq

Ba1 0.431(1) 0.3223(7) 0.2472(6) 0.007(2)
Ba2 0.911(1) 0.4744(9) 0.3759(5) 0.007(2)
Ba2a 0.421(1) 0.0199(8) 0.6241(5) 0.005(2)
Ba3 0.436(1) 0.3288(8) 0.4880(5) 0.001(2)
Ba3a 0.928(1) 0.1683(8) 0.5082(5) 0.002(2)
O1 0.378(1) 0.0747(7) 0.2479(6) 0.015(2)
O2 0.810(1) 0.3254(7) 0.2519(6) 0.019(2)
O3 0.510(1) 0.5073(8) 0.3618(4) 0.008(2)
O3a 0.031(1) 0.0016(9) 0.6328(5) 0.011(2)
O4 0.157(1) 0.2900(9) 0.3733(5) 0.011(2)
O4a 0.666(1) 0.2076(8) 0.6185(5) 0.011(2)
O5 0.659(1) 0.2235(8) 0.3931(5) 0.014(2)
O5a 0.162(1) 0.2832(8) 0.6050(5) 0.010(2)
O6 0.289(1) 0.0584(8) 0.4753(5) 0.005(2)
O6a 0.798(1) 0.4476(7) 0.5227(4) 0.002(2)
D1 0.263(2) 0.0615(9) 0.2291(6) 0.049(3)
D2 0.940(1) 0.2870(7) 0.2532(6) 0.035(2)
D3 0.541(1) 0.579(1) 0.3308(6) 0.041(3)
D3a 0.014(1) 0.933(1) 0.6651(6) 0.036(2)
D4 0.180(1) 0.210(1) 0.3596(6) 0.038(3)
D4a 0.653(1) 0.289(1) 0.6381(6) 0.045(3)
D5 0.736(1) 0.2388(8) 0.3460(5) 0.027(2)
D5a 0.239(1) 0.2586(8) 0.6517(5) 0.025(2)
D6 0.221(1) 0.0474(8) 0.4273(5) 0.028(2)
D6a 0.725(1) 0.4472(9) 0.5709(5) 0.039(3)
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Table F5, continuing.

50 K
Site x y z Ueq

Ba1 0.4323(9) 0.3244(6) 0.2461(4) 0.006(2)
Ba2 0.910(1) 0.4743(6) 0.3742(4) 0.004(2)
Ba2a 0.4201(9) 0.0190(6) 0.6248(4) 0.001(1)
Ba3 0.4331(9) 0.3287(7) 0.4869(4) 0.002(1)
Ba3a 0.9321(9) 0.1701(7) 0.5079(4) 0.001(2)
O1 0.3737(9) 0.0752(5) 0.2484(4) 0.011(2)
O2 0.8150(8) 0.3260(5) 0.2484(4) 0.012(2)
O3 0.5077(9) 0.5099(7) 0.3599(3) 0.006(2)
O3a 0.0305(8) 0.0006(6) 0.6307(4) 0.003(1)
O4 0.1577(9) 0.2909(7) 0.3729(4) 0.008(1)
O4a 0.6669(8) 0.2073(6) 0.6165(4) 0.003(1)
O5 0.6584(8) 0.2253(6) 0.3916(4) 0.003(1)
O5a 0.1661(9) 0.2869(7) 0.6055(4) 0.007(1)
O6 0.2917(9) 0.0581(6) 0.4769(4) 0.005(1)
O6a 0.7918(9) 0.4509(6) 0.5240(4) 0.006(1)
D1 0.259(1) 0.0647(6) 0.2211(4) 0.033(2)
D2 0.9360(9) 0.2876(6) 0.2565(4) 0.028(2)
D3 0.546(1) 0.5844(7) 0.3321(4) 0.034(2)
D3a 0.013(1) 0.9352(8) 0.6650(5) 0.033(2)
D4 0.183(1) 0.2077(7) 0.3590(4) 0.026(2)
D4a 0.654(1) 0.2871(8) 0.6365(4) 0.032(2)
D5 0.7358(9) 0.2400(6) 0.3431(4) 0.022(2)
D5a 0.2407(9) 0.2577(6) 0.6514(4) 0.022(2)
D6 0.2186(9) 0.0486(6) 0.4284(4) 0.020(2)
D6a 0.7201(9) 0.4487(6) 0.5718(4) 0.025(2)
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Table F5, continuing.

10 K
Site x y z Ueq

Ba1 0.4333(9) 0.3245(6) 0.2463(4) 0.005(2)
Ba2 0.9095(9) 0.4744(6) 0.3745(4) 0.002(1)
Ba2a 0.422(1) 0.0198(6) 0.6247(4) 0.003(1)
Ba3 0.4322(9) 0.3292(7) 0.4879(4) 0.001(1)
Ba3a 0.926(1) 0.1709(7) 0.5070(4) 0.001(2)
O1 0.3744(8) 0.0754(5) 0.2484(4) 0.006(1)
O2 0.8147(8) 0.3241(5) 0.2483(4) 0.008(1)
O3 0.5075(8) 0.5092(6) 0.3587(3) 0.001(1)
O3a 0.0316(9) 0.0028(7) 0.6311(4) 0.008(2)
O4 0.1586(9) 0.2910(7) 0.3727(4) 0.003(1)
O4a 0.6671(8) 0.2075(6) 0.6172(4) 0.004(1)
O5 0.6580(8) 0.2260(6) 0.3925(4) 0.004(1)
O5a 0.1652(8) 0.2885(7) 0.6059(4) 0.006(1)
O6 0.2902(8) 0.0579(6) 0.4765(4) 0.001(1)
O6a 0.7935(9) 0.4499(6) 0.5233(4) 0.004(1)
D1 0.258(1) 0.0645(6) 0.2200(4) 0.025(2)
D2 0.9405(9) 0.2877(6) 0.2562(4) 0.028(2)
D3 0.545(1) 0.5851(7) 0.3330(4) 0.027(2)
D3a 0.011(1) 0.9358(7) 0.6643(4) 0.023(2)
D4 0.1842(9) 0.2075(7) 0.3581(4) 0.022(2)
D4a 0.654(1) 0.2875(7) 0.6367(4) 0.028(2)
D5 0.7360(8) 0.2406(6) 0.3435(4) 0.019(1)
D5a 0.2394(9) 0.2567(6) 0.6523(4) 0.020(2)
D6 0.2173(9) 0.0461(6) 0.4278(4) 0.021(2)
D6a 0.7205(8) 0.4482(6) 0.5723(4) 0.022(2)
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Table F6: Selected polyhedral bond distances (Å) in b-Ba(OD)2. The average Ba2-O

bond distance is given for [7] and [8] coordination.
RT 480 K 420 K 300 K 250 K

Ba1-O2 2.665(6) 2.680(5) 2.674(5) 2.676(3) 2.673(4)
-O3 2.727(6) 2.739(4) 2.737(5) 2.733(3) 2.740(3)
-O1 2.797(6) 2.799(5) 2.801(6) 2.787(3) 2.784(3)
-O4 2.828(6) 2.816(4) 2.827(5) 2.805(3) 2.800(3)
-O3 2.841(7) 2.842(5) 2.850(6) 2.844(3) 2.843(3)
-O2 2.881(6) 2.925(4) 2.909(5) 2.899(3) 2.893(3)
-O1 2.994(6) 3.054(4) 3.026(5) 2.994(3) 2.979(3)
-O4 3.024(6) 3.075(4) 3.048(5) 3.049(3) 3.046(3)
<Ba1-O> 2.85(2) 2.87(1) 2.86(2) 2.848(8) 2.845(9)
Ba2-O4 2.642(6) 2.643(5) 2.640(5) 2.620(3) 2.625(3)
-O1 2.688(7) 2.694(5) 2.694(6) 2.683(3) 2.679(4)
-O2 2.734(5) 2.711(4) 2.727(5) 2.708(3) 2.705(3)
-O2 2.787(6) 2.832(4) 2.807(5) 2.809(3) 2.804(3)
-O4 2.790(6) 2.777(4) 2.782(5) 2.788(3) 2.786(3)
-O3 2.810(6) 2.783(5) 2.794(5) 2.782(3) 2.778(3)
-O1 2.844(5) 2.834(4) 2.842(5) 2.835(3) 2.835(3)
-O3 3.517(6) 3.478(5) 3.495(5) 3.493(3) 3.498(3)
<Ba2-O> [7] 2.41(2) 2.41(1) 2.41(1) 2.403(8) 2.402(8)
<Ba2-O> [8] 2.55(2) 2.54(1) 2.55(2) 2.539(8) 2.539(9)

200 K 150 K 100 K 50 K 10 K
Ba1-O2 2.665(3) 2.670(3) 2.667(3) 2.668(3) 2.665(3)
-O3 2.744(3) 2.742(3) 2.740(3) 2.740(3) 2.739(2)
-O1 2.784(3) 2.784(3) 2.782(3) 2.779(3) 2.780(3)
-O4 2.804(3) 2.800(3) 2.798(3) 2.795(3) 2.800(3)
-O3 2.846(3) 2.842(3) 2.839(3) 2.837(3) 2.838(3)
-O2 2.888(3) 2.881(3) 2.885(3) 2.884(3) 2.882(3)
-O1 2.971(3) 2.964(3) 2.957(3) 2.959(3) 2.957(2)
-O4 3.035(3) 3.031(3) 3.029(3) 3.027(3) 3.021(2)
<Ba1-O> 2.842(8) 2.839(8) 2.837(8) 2.836(8) 2.835(8)
Ba2-O4 2.620(3) 2.620(3) 2.621(3) 2.625(3) 2.620(3)
-O1 2.675(3) 2.675(3) 2.677(3) 2.674(3) 2.676(3)
-O2 2.700(3) 2.704(3) 2.697(3) 2.698(2) 2.700(2)
-O2 2.806(3) 2.797(3) 2.794(3) 2.791(3) 2.794(3)
-O4 2.783(3) 2.780(3) 2.778(3) 2.774(3) 2.778(3)
-O3 2.776(3) 2.775(3) 2.774(3) 2.773(3) 2.772(3)
-O1 2.833(3) 2.831(3) 2.828(2) 2.828(2) 2.825(2)
-O3 3.493(3) 3.496(3) 3.494(3) 3.498(3) 3.497(3)
<Ba2-O> [7] 2.399(8) 2.398(8) 2.396(8) 2.395(7) 2.340(7)
<Ba2-O> [8] 2.536(8) 2.535(8) 2.533(8) 2.533(8) 2.485(8)
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Table F7. Selected polyhedral bond distances (Å) in a- and am-Ba(OD)2. The average

Ba1-O bond distance, <Ba1-O>, is given for [8] and [9] coordination, <Ba2-O> for [7]
and [8].

552 K 480 K 200 K 150 K 100 K 50 K 10 K
Ba1-O2 2.63(2) 2.66(1) 2.67(1) 2.69(1) 2.70(1) 2.710(8) 2.701(8)
-O1 2.71(2) 2.70(1) 2.71(1) 2.693(9) 2.73(1) 2.742(8) 2.740(8)
-O3 (2x) 2.81(1) 2.81(1) 2.786(7) 2.800(7) 2.81(1) 2.794(9) 2.771(9)
-O3a 2.79(1) 2.786(9) 2.77(1)
-O4 (2x) 3.00(1) 2.955(9) 2.913(6) 2.886(6) 2.89(1) 2.906(9) 2.902(9)
-O4a 2.82(1) 2.829(9) 2.826(9)
-O5 (2x) 3.098(9) 3.078(8) 3.037(6) 3.044(6) 3.06(1) 3.044(9) 3.045(9)
-O5a 3.10(1) 3.118(9) 3.116(9)
-O1 3.67(2) 3.66(1) 3.58(1) 3.570(9) 3.52(1) 3.486(9) 3.493(8)
<Ba1-O> [8] 2.89(4) 2.88(3) 2.86(2) 2.86(2) 2.86(3) 2.87(2) 2.86(3)
<Ba1-O> [9] 2.98(4) 2.97(3) 2.94(2) 2.93(2) 2.93(3) 2.94(3) 2.93(3)
Ba2-O6(a) 2.63(1) 2.625(9) 2.598(7) 2.605(7) 2.57(1) 2.630(9) 2.611(9)
-O5(a) 2.735(9) 2.735(7) 2.710(7) 2.716(7) 2.71(2) 2.67(1) 2.65(1)
-O4 2.75(1) 2.764(8) 2.722(6) 2.709(6) 2.66(1) 2.66(1) 2.66(1)
-O6(a) 2.76(1) 2.767(9) 2.779(7) 2.768(7) 2.76(1) 2.787(9) 2.786(9)
-O2 2.77(1) 2.764(8) 2.786(8) 2.779(7) 2.69(1) 2.695(9) 2.712(9)
-O3 2.79(1) 2.783(9) 2.798(7) 2.814(7) 2.87(1) 2.878(9) 2.878(8)
-O1 2.85(1) 2.807(9) 2.786(7) 2.771(6) 2.77(1) 2.785(9) 2.788(9)
-O5 3.459(9) 3.439(7) 3.394(7) 3.386(7) 3.28(1) 3.256(9) 3.252(9)
<Ba2-O> [7] 2.76(3) 2.75(2) 2.74(2) 2.74(2) 2.72(2) 2.73(2) 2.73(2)
<Ba2-O> [8] 2.85(3) 2.84(2) 2.82(2) 2.82(2) 2.79(3) 2.80(3) 2.79(3)
Ba2a-O6 2.63(1) 2.611(9) 2.621(9)
-O4a 2.69(1) 2.698(9) 2.684(9)
-O1 2.72(1) 2.717(9) 2.712(9)
-O5 2.73(1) 2.726(9) 2.745(9)
-O3a 2.78(1) 2.770(8) 2.776(9)
-O6 2.78(1) 2.796(9) 2.791(9)
-O2 2.82(1) 2.754(9) 2.767(9)
-O5a 3.42(1) 3.43(1) 3.45(1)
<Ba2a-O> [7] 2.73(3) 2.73(2) 2.73(2)
<Ba2a-O> [8] 2.82(3) 2.81(3) 2.82(3)
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Table F7, continuing.

552 K 480 K 200 K 150 K 100 K 50 K 10 K
Ba3-O5 2.63(1) 2.626(8) 2.575(7) 2.558(7) 2.52(1) 2.526(9) 2.528(9)
-O4 2.66(1) 2.694(9) 2.683(7) 2.670(7) 2.74(1) 2.705(9) 2.710(9)
-O5a 2.76(1) 2.771(8) 2.772(7) 2.780(7) 2.80(1) 2.784(9) 2.775(9)
-O3 2.80(1) 2.80(1) 2.815(7) 2.810(6) 2.90(1) 2.93(1) 2.945(9)
-O6a 2.96(1) 2.95(1) 2.900(7) 2.893(7) 2.92(1) 2.88(1) 2.89(1)
-O6a 3.02(1) 2.98(1) 2.928(7) 2.923(7) 2.95(1) 2.919(9) 2.922(9)
-O4a 3.05(1) 3.046(9) 3.007(6) 3.018(6) 2.98(1) 2.976(9) 2.979(9)
-O3 3.12(1) 3.11(1) 3.062(7) 3.044(6) 3.07(1) 3.090(9) 3.094(9)
-O6 3.20(1) 3.20(1) 3.185(7) 3.188(7) 3.13(1) 3.11(1) 3.12(1)
<Ba3-O> 2.91(3) 2.91(3) 2.88(2) 2.88(2) 2.89(3) 2.88(3) 2.89(3)
Ba3a-O5a 2.60(1) 2.610(9) 2.650(9)
-O4a 2.65(1) 2.651(9) 2.637(9)
-O5 2.73(1) 2.758(9) 2.708(9)
-O3a 2.82(1) 2.809(9) 2.83(1)
-O6 2.89(1) 2.879(9) 2.912(9)
-O6 2.93(1) 2.96(1) 2.94(1)
-O3a 2.98(1) 2.954(9) 2.97(1)
-O4 3.07(1) 3.059(9) 3.076(9)
-O6a 3.19(1) 3.22(1) 3.19(1)
<Ba3a-O> 2.87(3) 2.88(3) 2.88(3)
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Table F8. Hydrogen-bond distances [Å] and angles [˚] in b-Ba(OD)2.

O1-D1···O4 O2-D2···O3
T (K) O1-D1 O1···O4 O1-D1···O4 O2-D2 O2···O3 O2-D2···O3
RT 0.957(7) 3.037(6) 155.2(5) 0.967(6) 2.836(6) 171.7(4)
480 0.948(6) 3.090(5) 156.1(4) 0.956(5) 2.923(5) 172.4(3)
420 0.954(6) 3.071(6) 155.2(4) 0.952(5) 2.884(5) 172.1(4)
300 0.962(3) 3.046(3) 155.6(2) 0.972(3) 2.861(3) 171.2(2)
250 0.967(3) 3.035(3) 155.3(2) 0.971(3) 2.847(3) 171.0(2)
200 0.966(3) 3.031(3) 155.4(2) 0.977(3) 2.840(3) 170.7(2)
150 0.966(3) 3.024(3) 155.0(2) 0.973(3) 2.829(3) 170.8(2)
100 0.964(3) 3.019(3) 155.3(2) 0.980(3) 2.829(3) 170.9(2)
  50 0.964(3) 3.016(3) 155.3(2) 0.976(3) 2.826(3) 170.9(2)
  10 0.965(3) 3.016(3) 155.3(2) 0.979(3) 2.823(2) 170.5(2)

O3-D3···O1 O4-D4···O2
T (K) O3-D3 O3···O1 O3-D3···O1 O4-D4 O4···O2 O4-D4···O2
RT 0.956(7) 3.062(6) 166.7(4) 0.932(7) 3.047(6) 160.6(6)
480 0.920(6) 3.127(5) 166.7(4) 0.925(5) 3.097(4) 158.8(4)
420 0.936(6) 3.092(6) 167.1(4) 0.928(6) 3.077(5) 159.1(5)
300 0.947(3) 3.080(3) 167.7(2) 0.956(3) 3.058(3) 158.4(3)
250 0.955(3) 3.071(3) 167.8(2) 0.959(3) 3.044(3) 159.1(3)
200 0.957(3) 3.057(3) 168.1(2) 0.965(3) 3.036(3) 158.7(2)
150 0.956(3) 3.047(3) 168.3(2) 0.968(3) 3.030(3) 159.1(2)
100 0.962(3) 3.047(3) 168.2(2) 0.966(3) 3.026(2) 159.3(2)
  50 0.961(3) 3.043(3) 168.3(2) 0.968(3) 3.021(2) 159.0(2)
  10 0.961(3) 3.043(3) 168.2(2) 0.969(3) 3.015(2) 159.0(2)

Note: RT = room temperature

Table F9. O-D distances [Å] in a- and am-Ba(OD)2.

T (K) 552 480 200 150 100 50 10
O1-D1 0.82(2) 0.86(2) 0.86(2) 0.85(1) 0.88(1) 0.93(1) 0.943(9)
O2-D2 0.94(2) 0.95(1) 0.97(1) 0.99(1) 1.02(1) 0.960(8) 0.981(8)
O3-D3 0.85(2) 0.84(1) 0.884(9) 0.901(8) 0.96(1) 0.97(1) 0.97(1)
O3a-D3a 0.93(1) 0.92(1) 0.92(1)
O4-D4 0.80(1) 0.82(1) 0.835(8) 0.863(8) 0.91(1) 0.95(1) 0.96(1)
O4a-D4a 0.95(1) 0.93(1) 0.93(1)
O5-D5 0.93(1) 0.944(8) 0.993(7) 1.002(7) 0.97(1) 0.990(9) 1.000(9)
O5a-D5a 0.97(1) 0.965(9) 0.979(9)
O6-D6 0.85(1) 0.87(1) 0.903(7) 0.911(7) 0.93(1) 0.946(9) 0.951(9)
O6a-D6a 0.96(1) 0.946(9) 0.968(9)
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Table F10. O···O distances [Å] and O-D···O angles [˚] in a- and am-Ba(OD)2.

552 K 480 K 200 K 150 KHydrogen
bond O···O O-D···O O···O O-D···O O···O O-D···O O···O O-D···O
O1-D1···O3 3.60(1) 138.5(3) 3.59(1) 138.7(3) 3.474(8) 137.6(2) 3.476(7) 137.7(2)
O2-D2···O4 3.35(1) 114.7(6) 3.34(1) 116.0(5) 3.253(8) 120.8(4) 3.260(8) 121.3(3)
O3-D3···O4 3.49(1) 133(1) 3.48(1) 134.5(9) 3.423(7) 127.9(6) 3.419(6) 124.5(6)
O4-D4···O6 3.124(7) 107.1(7) 3.130(7) 110.8(7)
O4-D4···O3 3.49(1) 138(1) 3.48(1) 134.0(9) 3.423(7) 147.9(8) 3.419(6) 147.7(7)
O4-D4···O1 3.48(1) 127(1) 3.47(1) 123.8(9) 3.467(7) 133.9(7) 3.473(7) 133.7(7)
O5-D5···O2 2.97(1) 154.7(8) 2.928(8) 156.0(7) 2.852(7) 155.8(6) 2.849(6) 155.4(6)
O6-D6···O3 3.03(1) 127(1) 3.05(1) 129.0(8) 2.959(7) 142.7(6) 2.937(7) 145.6(6)
O6-D6···O4 3.11(1) 133(1) 3.09(1) 129.1(8) 3.124(7) 114.1(6) 3.130(7) 111.5(6)

Hydrogen bond 100 K 50 K 10 K
O···O O-D···O O···O O-D···O O···O O-D···O

O1-D1···O3 3.34(1) 162.5(9) 3.279(9) 170.1(7) 3.273(8) 170.9(7)
        ···O3a 3.62(1) 114(1) 3.617(9) 102.9(6) 3.630(9) 102.1(6)
O2-D2···O4 3.16(1) 124.3(8) 3.163(9) 131.1(7) 3.164(9) 131.1(7)
        ···O4a 3.39(1) 121.1(8) 3.359(8) 113.9(6) 3.352(8) 114.7(6)
O3-D3···O4a 3.37(1) 112.1(8) 3.34(1) 111.6(6) 3.345(9) 113.5(6)
O3a-D3a···O4 3.45(1) 129.7(8) 3.44(1) 127.4(8) 3.47(1) 129.7(7)
O3-D3···O5a 3.30(1) 114.9(8) 3.24(1) 118.4(6) 3.238(9) 119.7(6)
O4-D4···O6 3.16(1) 118.2(9) 3.19(1) 117.6(6) 3.18(1) 117.0(6)
O4a-D4a···O6a 3.20(1) 108.1(8) 3.189(9) 108.9(6) 3.193(9) 108.9(6)
O4-D4···O3a 3.45(1) 133.6(9) 3.44(1) 132.0(7) 3.47(1) 131.4(6)
O4a-D4a···O3 3.37(1) 151.4(8) 3.34(1) 152.0(7) 3.345(9) 152.7(7)
O4-D4···O1 3.51(1) 140.0(9) 3.489(9) 140.1(7) 3.485(9) 140.8(7)
O4a-D4a···O1 3.50(1) 130.8(8) 3.506(9) 131.8(7) 3.497(9) 131.3(6)
O5-D5···O2 2.80(1) 155(1) 2.844(9) 155.8(7) 2.847(9) 156.3(7)
O5a-D5a···O2 2.87(1) 159(1) 2.831(9) 161.8(7) 2.825(9) 163.6(7)
O6-D6···O3a 2.93(1) 149.7(9) 2.925(9) 150.4(7) 2.927(9) 150.7(7)
O6a-D6a···O3 2.96(1) 153.5(9) 2.917(9) 154.1(7) 2.949(8) 154.2(7)
O6-D6···O4 3.16(1) 103.0(8) 3.19(1) 104.3(6) 3.18(1) 102.4(6)
O6a-D6a···O4a 3.20(1) 109.0(9) 3.189(9) 109.0(6) 3.193(9) 108.8(6)
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Table G1. Unit-cell parameters and refinement values (%) of Ba(OH)2 and Sr(OH)2 as a
function of pressure.

P [GPa] a [Å] b [Å] c [Å] b [∞] V [Å3] R(F2) Rwp Rp

bbbb    ----Ba(OH) 2

0.0001* 9.4094(3) 7.9155(2) 6.7745(2) 95.813(2) 501.97(3) 7.35 4.67 3.51
0.95(5) 9.3396(2) 7.8550(2) 6.7267(2) 95.607(2) 491.13(2) 3.90 2.55 1.79
1.30(5) 9.3050(4) 7.8197(3) 6.6990(3) 95.503(3) 485.19(3) 3.21 2.97 2.13
2.00(5) 9.2789(5) 7.7962(4) 6.6761(4) 95.415(4) 480.80(4) 2.67 3.38 2.34
2.50(5) 9.2436(6) 7.7681(5) 6.6487(5) 95.285(2) 475.39(6) 2.87 2.56 1.83
3.30(15) 9.2169(7) 7.7405(5) 6.6223(5) 95.201(5) 470.51(6) 3.44 3.40 2.40

bbbb2222-Ba(OH)2

0.34(5) 12.0951(7) 7.8891(5) 11.0013(6) 108.569(4) 995.1(1) 6.41 3.88 2.72
4.90(15) 9.1512(9)

11.715(1)
7.6821(7)
7.6880(7)

6.5575(6)
10.799(1)

  94.930(7)
108.828(8)

459.29(7)
920.5(1)

3.22
6.15

3.70
4.54

2.65
3.14

5.40(5) 9.1245(6)
11.6632(8)

7.6597(5)
7.6684(5)

6.5293(5)
10.7785(7)

  94.785(5)
108.881(5)

454.75(5)
912.1(1)

3.59
5.90

3.12
3.03

2.26
2.27

5.80(5) 11.655(1) 7.660(1) 10.785(1) 108.95(1) 910.7(2) 4.43 5.76 3.84
6.20(5) 9.1200(7)

11.6338(9)
7.6562(6)
7.6555(7)

6.5173(6)
10.7641(9)

94.703(8)
108.967(8)

453.54(5)
906.6(1)

3.03
6.89

4.11
4.55

3.04
3.27

6.80(5) 11.587(1) 7.650(1) 10.759(2) 109.10(1) 901.3(2) 6.91 5.22 3.83
7.30(5) 11.5585(9) 7.6277(7) 10.7324(9) 109.082(8) 894.2(1) 7.29 4.27 2.99
7.70(5) 11.536(1) 7.6302(9) 10.732(1) 109.22(1) 892.0(2) 5.35 3.71 2.64
8.10(5) 11.5202(7) 7.6199(5) 10.7239(8) 109.187(6) 889.1(1) 4.65 3.63 2.66
8.40(5) 11.469(2) 7.582(1) 10.658(2) 109.12(1) 875.6(2) 4.48 3.13 2.23

Note: Rwp = [∑w(Io – Ic)
2 / ∑w(Io

2)]1/2, Rp = ∑|Io – Ic| / ∑Io, R(F2) = ∑|Fo
2 – SFc

2| / ∑|Fo
2|;

where w = weight, S = scale factor.

P [GPa] a [Å] b [Å] c [Å] V [Å3] R(F2) Rwp Rp

aaaa -Ba(OH)2

0.0001* 11.0111(6) 16.4994(8) 7.0954(4) 12.88 7.40 5.52
Sr(OH)2 †

0.0001* 9.877(1) 3.9146(4) 6.1125(7) 236.34(3) 19.23 14.74 11.65
1.18(5) ‡ 9.745(1) 3.8733(5) 6.054(1) 228.50(6)
1.90(5) ‡ 9.689(2) 3.8534(7) 6.027(1) 225.02(8)
3.46(5) ‡ 9.589(3) 3.810(1) 5.985(2) 218.6(1)
5.50(8) ‡ 9.490(2) 3.7768(9) 5.945(2) 213.09(8)
6.00(10)‡ 9.466(2) 3.7685(9) 5.939(1) 211.84(8)
* Capillary measurements
† Space group Pnma
‡ LeBail refinement results
Note: Rwp = [∑w(Io – Ic)

2 / ∑w(Io
2)]1/2, Rp = ∑|Io – Ic| / ∑Io, R(F2) = ∑|Fo

2 – SFc
2| / ∑|Fo

2|;
where w = weight, S = scale factor.
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Table G2. Atom positions and atom displacement parameters of b-Ba(OH)2.

x y z Uiso (x 100)
0.0001 GPa

Ba1 0.6023(3) 0.6401(3) 0.2498(4) 2.0
Ba2 0.1810(2) 0.5484(3) 0.2168(3) 2.0
O1 0.881(2) 0.491(2) 0.190(2) 2.5
O2 0.416(2) 0.358(2) 0.164(3) 2.5
O3 0.607(2) 0.337(2) 0.476(3) 2.5
O4 0.153(2) 0.287(2) 0.467(3) 2.5

1.0 GPa
Ba1 0.6029(3) 0.6407(2) 0.2515(4) 0.49(9)
Ba2 0.1803(2) 0.5479(2) 0.2153(3) 0.80(8)
O1 0.873(1) 0.469(2) 0.172(2) 0.5(6)
O2 0.410(1) 0.358(2) 0.150(2) 0.3(6)
O3 0.602(2) 0.343(2) 0.501(2) 1.6(6)
O4 0.167(2) 0.295(2) 0.462(3) 3.00

1.3 GPa
Ba1 0.6033(3) 0.6417(3) 0.2496(4) 0.95(10)
Ba2 0.1794(2) 0.5481(2) 0.2171(3) 0.85(8)
O1 0.873(2) 0.476(2) 0.176(2) 2.0
O2 0.414(2) 0.367(2) 0.152(2) 2.0
O3 0.611(2) 0.344(2) 0.505(3) 2.0
O4 0.165(2) 0.295(2) 0.463(3) 2.0

2.0 GPa
Ba1 0.6043(3) 0.6426(3) 0.2486(4) 1.2(1)
Ba2 0.1792(3) 0.5487(3) 0.2165(4) 1.0(1)
O1 0.872(2) 0.478(2) 0.188(3) 2.0
O2 0.415(2) 0.368(2) 0.154(3) 2.0
O3 0.608(2) 0.342(2) 0.508(3) 2.0
O4 0.163(2) 0.295(3) 0.459(3) 2.0

2.5 GPa
Ba1 0.6037(3) 0.6436(3) 0.2492(4) 0.8(1)
Ba2 0.1796(2) 0.5487(2) 0.2177(3) 0.94(8)
O1 0.871(2) 0.469(2) 0.173(2) 2.0
O2 0.412(2) 0.366(2) 0.159(2) 2.0
O3 0.612(2) 0.343(2) 0.498(3) 2.0
O4 0.164(2) 0.291(2) 0.460(2) 2.0

3.3 GPa
Ba1 0.6049(4) 0.6442(4) 0.2479(5) 1.3(1)
Ba2 0.1786(3) 0.5471(3) 0.2164(4) 1.4(1)
O1 0.871(2) 0.475(3) 0.1866(3) 2.0
O2 0.421(2) 0.368(3) 0.160(3) 2.0
O3 0.616(2) 0.339(3) 0.503(4) 2.0
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Table G2, continuing.
x y z Uiso (x 100)

O4 0.168(2) 0.297(3) 0.457(3) 2.0
4.9 GPa

Ba1 0.6058(4) 0.6461(4) 0.2462(6) 1.5(2)
Ba2 0.1793(4) 0.5470(4) 0.2162(5) 1.3(1)
O1 0.874(3) 0.482(3) 0.195(4) 2.0
O2 0.417(3) 0.369(3) 0.165(4) 2.0
O3 0.615(3) 0.330(3) 0.489(4) 2.0
O4 0.166(3) 0.304(4) 0.455(4) 2.0

5.4 GPa
Ba1 0.6054(4) 0.6467(4) 0.2483(5) 1.5(2)
Ba2 0.1772(3) 0.5487(3) 0.2169(4) 1.2(1)
O1 0.865(2) 0.467(3) 0.185(3) 2.0
O2 0.416(3) 0.379(3) 0.169(4) 2.0
O3 0.623(3) 0.326(3) 0.492(4) 2.0
O4 0.155(2) 0.297(3) 0.455(4) 2.0

6.2 GPa
Ba1 0.6057(5) 0.6474(5) 0.2488(7) 0.9(2)
Ba2 0.1764(4) 0.5484(4) 0.2186(6) 0.5(1)
O1 0.870(3) 0.479(3) 0.195(4) 2.0
O2 0.418(3) 0.379(4) 0.170(5) 2.0
O3 0.630(4) 0.332(4) 0.489(5) 2.0
O4 0.166(3) 0.286(4) 0.456(4) 2.0

Table G3. Selected polyhedral bond distances [Å] in b-Ba(OH)2 as a function of

pressure [GPa].
0.0001* 0.0001† 1.0 1.3 2.0

Ba1-O1 2.797(6) 2.813(16) 2.636(13) 2.664(14) 2.657(17)
-O3 2.727(6) 2.840(17) 2.662(14) 2.710(16) 2.675(18)
-O2 2.665(6) 2.790(16) 2.695(14) 2.678(16) 2.676(18)
-O4 2.828(6) 2.905(20) 2.793(16) 2.792(16) 2.813(18)
-O3 2.841(7) 2.848(18) 2.879(14) 2.883(16) 2.909(18)
-O2 2.881(6) 2.861(17) 2.899(13) 2.815(15) 2.806(17)
-O1 2.994(6) 2.940(17) 2.957(12) 2.909(14) 2.860(17)
-O4 3.024(6) 2.924(21) 3.026(16) 3.005(16) 2.972(18)
-O3 3.743(6) 3.620(17) 3.729(13) 3.650(15) 3.650(17)
Ba2-O4 2.642(6) 2.704(17) 2.598(17) 2.586(17) 2.570(19)
-O1 2.688(7) 2.775(16) 2.608(14) 2.640(15) 2.705(17)
-O2 2.734(5) 2.732(17) 2.682(13) 2.668(14) 2.666(17)
-O4 2.790(6) 2.824(19) 2.753(17) 2.758(17) 2.742(19)
-O2 2.787(6) 2.765(16) 2.758(14) 2.811(16) 2.802(18)
-O3 2.810(6) 2.883(17) 2.787(14) 2.698(16) 2.703(18)
-O1 2.844(5) 2.846(16) 2.920(12) 2.894(14) 2.889(17)
-O3 3.517(6) 3.500(18) 3.439(14) 3.416(15) 3.391(17)
O1···O4 3.037(6) 2.95(2) 3.08(2) 3.06(2) 2.99(3)
O2···O3 2.836(6) 2.63(2) 2.82(2) 2.86(2) 2.84(3)
O3···O1 3.062(6) 2.97(2) 3.17(2) 3.14(2) 3.14(2)
O4···O2 3.047(6) 2.94(3) 3.07(2) 3.04(2) 3.03(2)
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Table G3, continuing.

2.5 3.3 4.9 5.4 6.2
Ba1-O1 2.587(14) 2.600(20) 2.61(2) 2.51(2) 2.57(2)
-O3 2.723(15) 2.732(22) 2.78(3) 2.80(3) 2.86(4)
-O2 2.702(15) 2.689(22) 2.69(3) 2.71(2) 2.70(3)
-O4 2.802(15) 2.768(20) 2.76(2) 2.83(2) 2.76(3)
-O3 2.862(15) 2.901(22) 2.90(3) 2.92(2) 2.87(3)
-O2 2.821(15) 2.756(21) 2.76(3) 2.73(2) 2.73(3)
-O1 2.903(13) 2.846(20) 2.80(2) 2.80(2) 2.78(3)
-O4 2.954(15) 2.993(20) 2.98(2) 2.87(2) 2.92(3)
-O3 3.579(14) 3.530(21) 3.40(2) 3.34(3) 3.29(3)
Ba2-O4 2.580(17) 2.514(23) 2.44(3) 2.50(3) 2.54(3)
-O1 2.602(15) 2.672(21) 2.71(3) 2.62(2) 2.70(3)
-O2 2.638(14) 2.682(23) 2.62(2) 2.58(2) 2.60(3)
-O4 2.713(16) 2.711(22) 2.73(3) 2.76(2) 2.64(3)
-O2 2.755(15) 2.800(21) 2.76(3) 2.79(2) 2.79(3)
-O3 2.710(15) 2.681(23) 2.75(3) 2.70(3) 2.66(3)
-O1 2.907(13) 2.877(19) 2.83(2) 2.90(2) 2.83(3)
-O3 3.405(15) 3.334(21) 3.29(2) 3.24(2) 3.29(3)
O1···O4 3.05(2) 3.00(3) 2.87(4) 2.99(3) 2.94(4)
O2···O3 2.78(2) 2.78(3) 2.69(4) 2.74(3) 2.74(4)
O3···O1 3.13(2) 3.10(3) 2.94(3) 2.99(3) 2.96(4)
O4···O2 3.03(2) 3.03(3) 3.07(3) 3.01(3) 3.02(4)
* Bond distances from the low-temperature neutron refinement.
† Bond distances from the refinement of the capillary measurement, which is only up to
24º in 2q.

G4


