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Abstract

Synthesis and structural characterisation of metal hydrides in two important
systems are presented.

The first system presented is low valent cobalt and nickel complex hy-
drides with the compositions BaMg5Co2H10, RbMg5CoNiH10, SrMg2CoH7
and Sr4Mg4Co3H19 featuring nickel with oxidation state of 0 and cobalt with
oxidation state +I and -I.

The second system presented is polyanionic gallium complex hydrides
with the compositions RbGaH2, RbxK(1−x)GaH2 (0.5≤ x≤ 1), CsxRb(8−x)Ga5H15
(0≤ x≤ 8) and Cs10Ga9H25 featuring novel hydrogenous polyanionic gallium-
hydride clusters mimicking common hydrocarbons. The syntheses of the com-
pounds were performed at elevated temperatures and at moderate hydrogen
pressures (50-100 bar). The structural investigations were mainly done by
X-ray powder diffraction (XRPD) and neutron powder diffraction (NPD). The
metal-hydrogen bond was investigated by vibrational spectroscopy using Fourier
Transform IR-spectroscopy (FTIR) and Inelastic Neutron Scattering (INS).

By subtle changes in the compositions of the hydrides it was possible to
induce major changes in band gaps, oxidation states and structures.
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Abbreviations

A Alkaline metal

Ae Alkaline earth metal

CN Coordination Number

DS Direct Space

FTIR Fourier Transform Infrared spectroscopy

INS Inelastic Neutron Spectroscopy

IXS Incoherent Cross Section

Ln Lanthanide

NiCd Nickel Cadmium

NiMH Nickel Metal Hydride

NPD Neutron Powder Diffraction

OS Oxidation State

PXRD Powder X-ray Diffraction

RS Reciprocal Space

sad Saddle-like

SCXRD Single Crystal X-ray Diffraction

tet Tetrahedral

TM Transition Metal

TMH Transition Metal Hydride





Scope and Outline

To expand and gain a deeper understanding of metal hydrides, the bonding sit-
uation in a number of new metal hydrides were investigated by combining syn-
thesis, characterisation and modelling. The materials were synthesised by solid
state processing and and the characterisation was done by diffraction methods
and atomic vibrational spectroscopy. The two systems investigated were the
Ae-Mg-Co-H (Ae=alkaline earth metal) system and the A-Ga-H (A=Alkaline
metal) system.

Chapter 1 gives an overview with a historical background of hydride chem-
istry. Chapter 2 gives an overview of the synthetic approach and the charac-
terisation methods used. Chapters 3 and 4 describe the synthesised and char-
acterised compounds in detail and conclusions of the results are presented in
chapter 5.
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1. Introduction

1.1 Background

Hydrogen is the primary alternative to fossil fuel in motor vehicle applications
because of its exceptionally high gravimetric energy density. Compared to
fossil fuels e.g. natural gas and petroleum no harmful gases or the very potent
green house gas carbon dioxide are emitted when combusting hydrogen. Hy-
drogen is also the primary choice for fuel cells since there there is no risk of
poisoning the fuel cell with e.g. CO which is a problem when using fossil fu-
els. The gravimetric energy density of hydrogen is about 2.5 times higher than
oil which makes it a very energy rich molecule. Storing hydrogen is however
problematic. The storage methods are today limited to either high pressure
cylinders up to 700 bar and liquid storage, both encountering significant draw-
backs. In the case of high pressure gaseous hydrogen, the containers have to
be made of a high durability material. Hence these containers are heavy and
high pressure combustible gas always involves a risk e.g. at a collision. The
price of a modern light-weight high pressure tank is high, ∼$10 000 which
is a significant part of the price of a vehicle. Liquid hydrogen on the other
hand has the advantage of higher density, but with the triple point at 13.95 K
it is not possible to liquefy hydrogen at any higher temperature, even under
pressure.[1] Thus 1/3 of the total energy content of the hydrogen is consumed
when condensing it. This makes liquid storage inefficient from an energy point
of view. There will also be a loss of hydrogen over time due to evaporation,
hence new storage methods of hydrogen are desired.

Metal hydrides have been a known since the beginning of 19th century
when scientists discovered that elemental hydrogen was absorbed by alkali
metals to form new compounds.[2] Since then much research has been con-
ducted in the field of metal hydrides. The ability of transition metals to absorb
large amounts of hydrogen was first reported by Thomas Graham in 1866, us-
ing palladium.[3] The advantage of storing hydrogen as hydride is the high
storage density. This gives NiMH batteries about 50% higher storage capacity
compared to previous NiCd technology.

The metal hydrides Mg2FeH6 and Al(BH4)3 both have the highest known
volumetric hydrogen density stores 150 kg H2/m3.[4] This is more than double
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Table 1.1: Hydrogen density in some storage methods omitting the weight of the
container.

Storage form
ρH2 Volumetric

(kg/m3)
ρH2 Gravimetric

(wt%)

H2(gas, 700 bar@RT) 41.6 100
H2(Liquid@20.3K) 70 100
LaNi5H6 115 1.4
Mg2FeH6 150 5.5
LiBH4 93 18

the volumetric density of liquid hydrogen. LiBH4 has the highest gravimetric
density of any known hydride material, 18 wt% of H2 see Table 1.1. This phe-
nomenon arises from that the H2-molecule is split and the individual H-species
are chemically bonded to a metal alloy or -ion. The challenge with hydride ma-
terials is that these compounds often are too stable and cannot be cycled i.e.
absorb and release hydrogen reversibly at temperature and pressure close to
ambient. Once formed they do not decompose except at high temperatures.
Muvh effort has been put into finding a hydride material which absorbs hydro-
gen at elevated pressure and releases hydrogen when the pressure is decreased,
preferably at room temperature. During the research of finding suitable candi-
dates many other interesting phenomena including conductor-insulator transi-
tions and colour transitions have been discovered.[5; 6]

Hydrogen tends to form a variety of different bonds which give rise to
many different structures; ionic compounds, covalent, molecular compounds,
alloys with hydride species occupying interstitial sites, as complex ionic clus-
ters and intermetallic hydrido complexes.[7] Many structures have hydrogen
in more than one bonding situation i.e. hydrogen is taking part in both ionic
interactions and covalent interactions in the same crystal. To understand how
the metal hydrides behave, it is important to understand the metal–hydrogen
bonding. This bonding situation is not yet fully understood and is still being
investigated.

1.2 The Hydride Ligand

Hydrogen exerts many prominent features being the lightest element known.
It is the only element with a single valence orbital and can achieve noble
gas structure by either donating or receiving an electron. This results in the
charge ranging between but never attaining the extremes +1 and -1 for hy-
drogen adopting 1s0 or 1s2 electron configuration respectively. The electron
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affinity as defined by:

H+ e− −→ H− ;∆Eea = 72.8kJmol−1 (1.1)

is much lower for hydrogen compared with the halogens e.g. fluorine which
has the electron affinity 328kJmol−1 but it is considerably higher compared to
the alkali metals e.g. lithium for which the electron affinity is 59.6 kJmol−1.[8]

Comparing hydrogen with other ligands gives an idea of its versatility.
The fluoride ligand, F−, has a filled octet and can perform pπ → dπ∗ do-
nation, which promotes high oxidation states and destabilises low oxidation
states. A π accepting ligand e.g. CN− with empty p-orbitals can accept
electrons through dπ → pπ∗ donation which promotes high oxidation states
and destabilises low oxidation states, see figure 1.1. One example of a metal
complex where the central atom has a low oxidation state is the well known
[Ni(0)(CO)4] where CO is a strong π-acceptor. The hydride ligand has no or-
bitals to involve in any back-donation mechanism which makes it dependent
on the chemical environment around it. This gives rise to hydride complexes
where transition metals can exist with a wide range of oxidation states. Two
examples are [Re(VII)H9]2− [9] and [Ir(-III)H3]6− [10] featuring formally 7-
valent rhenium and -3-valent iridium respectively. No other ligand can by itself
support such a wide variety of formal oxidation states.

(a) (b)

Figure 1.1: Stabilisation mechanisms of metal complexes with π-acceptor (a)
and π-donor ligands (b).

Since the hydride ligand is rather soft [11], it is possible to influence the 1s
orbital by manipulating the chemical environment around it. Hence by chang-
ing counter ions it is possible to promote both high and low oxidation states
of transition metals.[12] This generates the duality of hydrogen, i.e. it may act
as both electron acceptor and electron donor. H− is adopting the same elec-
tron configuration as helium but is far less stable because of its single positive
charge in the nucleus. This usually results in very reactive compounds, often
used as reducing agents in organic chemistry.

In the presence of p-elements hydrogen can form both covalent bonds
and act as isolated hydride ions in the crystal structure. Hydrogen can either
stabilise various Zintl phases by acting as electron acceptor which has been
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demonstrated by Henning among others [13] and also form covalent bonds to
the Zintl ions as first demonstrated by Gingl.[14]

1.3 Classification of Metal Hydrides

Figure 1.2 presents the different types of hydride materials. The simplest ones
are the binary hydrides where hydrogen has reacted with a single element to
form a new compound. These are divided in three sub groups; ionic, salt-like
hydrides, where hydrogen has reacted with an s-element, metallic hydrides,
where hydrogen has reacted with a d-element to form a metallic, conducting
compound with metallic lustre and covalent hydrides e.g. diborane, these can
be considered molecules.

The dominant commercial use of metal hydrides are the NiMH battery
alloys where hydrogen occupies interstitial sites in an alloy. Their low gravi-
metric hydrogen storage capacity, slightly above 1 wt% hydrogen makes it
favourable to develop new hydride materials. Another class of hydride com-
pounds is the metal hydrides based on complexes with the general formula
Ax[MyHz] where A is a metal ion from group 1, 2 or the lanthanides and M
is a transition metal or a p-element, x, y and z are integers. These compounds
have large hydrogen storage capacities, but the drawback is their high stabil-
ity. Since the discovery of the reversible hydrogen storage in Mg2NiH4 [15]
much research has been conducted to find ways of decreasing the stability of
the complex metal hydrides for them to release hydrogen at lower tempera-
tures. This has been found to be a difficult task. My thesis is focused on
understanding the metal–hydrogen bond in metal hydrides based on transition
metal hydride (TMH) complexes polyanionic gallium hydride complexes.

Figure 1.2: The classifications of metal hydride materials.
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1.4 Transition Metal Hydride Complexes

The first TMH complexes discovered were not homoleptic i.e. these com-
plexes always carried other ligands apart from hydride. The general viewpoint
was a long time that π-acceptor ligands were a prerequisite to accommodate
hydride ligands until S.C. Brahams synthesized the first homoleptic Metal hy-
drido complex [ReH9]2− in the compound K2ReH9 1964.[16] The discovery
did not only show that homoleptic TMH complexes could be formed but also
that very high coodination numbers could be achieved for the central atom in
TMH complexes. Since then many homoleptic metal hydride complexes have
been synthesised and characterised. Metal hydride complexes formed from the
earlier transition metals, only involve the ns and (n−1)d orbitals (n=principal
quantum number) of the transition metal to form a maximum of six hybrid
orbitals which interact with the hydride ion. The later d-metals also involve
np orbitals and use the full spherical sp3d5 nine-orbital manifold. There is
a slight discrepancy if the "late" d-metals begin at group 16 or 17 since the
MH complex [FeH6]4− can be described both by using the 9-orbital manifold
or by 3-centre 4-electron (3c-4e) bonds using only the sp3d5 manifold.[17; 18]
The free electron pairs are according to present theories accommodated in pure
d-orbitals of the transition metal. d-metals in row 5 and 6 may also involve f-
orbitals in a sp3d5 f 7 16-orbital manifold which explains the high coordination
numbers (CN) achieved in some TMH complexes, e.g. K2[ReH9].[12]

The complex forming metals are the ones to the right of group 5 in the pe-
riodic table. The early d-metals in group 3, 4 and 5 and their alloys react with
hydrogen only to form interstitial hydrides. A possible model to describe this
is the lack of d-electrons in combination with great cohesive energies of the
elements.[17] The metal hydride complexes are produced either by subjecting
an A–TM (A=group 1 or 2 metal, TM=transition metal) alloy or metal mix-
ture to hydrogen gas using techniques such as reactive hot sintering, reactive
milling or direct hydrogenation. The complex forming metals cannot alone re-
act with hydrogen to form new compounds although most metals have shown
to dissolve small amounts of hydrogen.[19; 20] In many cases the complex
forming metal does not alloy with the hydride forming metal, but the ternary
hydride is stable, hence the ternary metal hydride has to be synthesised through
direct combination of the metals and hydrogen. The metals chromium and
manganese need high pressures (>10 kbar) to form metal hydrides.[21; 22].
The later metals readily form metal hydrides at pressures <100 bar. The rea-
son for this behaviour is thought to be the number of d-electrons of the central
atom because no TMH complex with less than 13 e− has been observed. The
counter ions of the ternary TMH complexes are often arranged in a cubic fash-
ion around the TMH complex in order to maximise the interaction between the
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counter-ion and the TMH complex.[18] Magnesium has been shown to have
special influence on the formation of metal TMH complexes compared with
all other metals in the s-block. It promotes very low oxidation states for the d-
metals, e.g. in Mg4Ir(-III)H5 and Mg3Ru(-III)H3.[10; 23] Moreover the TMH
complexes of the first period d-metals i.e. the 3d-metals cannot be formed
unless Mg is present. This property of Mg has been attributed the strong po-
larising power of Mg which comes from the relatively high nuclear charge and
small radius.

To promote formation of of metal hydrides, a significant amount of elec-
tron density is needed and the early d-metals cannot provide enough. The
two cases above show that with an intermediate number of d-electrons synthe-
sis is possible at high pressures. The synthesis of Mg2FeH6, Mg2CoH5 and
Mg2NiH4 are readily synthesised at a pressure of 50 bar which demonstrates
that with enough d-electrons TMH complexes form easily.[15; 24; 25] All 3d-
TMH complexes need presence of a highly polarising atom to exist with two
exceptions where the complex hydrides are only obtained in very low yields,
Ca2FeH6 and Sr2FeH6.[26] The reason for this is thought to be that the 3d
orbitals are relatively hard and fit poorly with the soft hydride ion. The polar-
ising magnesium ion adopts enough electron density to stabilise the complex.
This effect has shown to be very strong and most 3rd row TM-hydrides are
stable at rather high temperatures, and even in air. The drawback is that the
high stability of these compounds make them impractical to use for hydrogen
storage. Some of the magnesium can be exchanged to other elements, and be-
cause of the delicate chemical balance, the properties of the metal hydrides can
be tuned just by small changes in the counter ion lattice. Much research ef-
fort has been put in to destabilise these compounds without success. The later
TMs (>row 4) can be formed in the vicinity of any group 1 or 2 metal because
of their softer d-orbitals. These compounds often react violently with air. As
seen in table 1.2 all complexes in the first row are 18e− complexes with one
exception, where [MnH4]2− is a 13e−-complex which is the only example of a
TMH-complex where the central atom has a half filled d-orbital. As seen most
TMH-complexes prefer 18e−-configuration and the reason for this is thought
to be the small size of the hydride ligands and the high field character.[18,
p. 28]
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1.5 Hydrogenous Main Block Compounds

Hydride complexes of p-elements such as LiBH4 and NaAlH4 have been can-
didates for hydrogen storage because of their high hydrogen content. The main
challenge has been high reactivity towards air and poor kinetics for hydrogen
uptake and release. NaAlH4 has been the most promising of these two candi-
dates because it has shown to be cyclable under certain conditions according
to the following equilibrium:[27]

NaAlH4(s)�
1
3

Na3AlH6(s)+
2
3

Al(s)+H2(g) �

� NaH(s)+
1
3

Al(s)+
1
2

H2(g)
(1.2)

The complexity of this decomposition path and the reactivity of the species
involved produces a very sensitive system with poor reversibility. Much re-
search has been pursued on how this system may be stabilised and how to
improve its cyclability. From that research a class of stable hydrides arouse
that may be regarded as hydrogenous Zintl phases. These can be seen as Zintl
phase compounds incorporating hydrogen in the structure as isolated hydride
ions occupying e.g. tetrahedral holes.[13] The electrons in hydrogenous Zintl
phases can be accounted for accordance with the Zintl-Klemm concept, first
described by Eduard Zintl just as for ordinary Zintl-phase compounds.[28] A
Zintl phase is a compound which consists of an active metal from group 1 or 2
which readily donates electrons and a more electronegative element from the
late d-elements or the p-elements which can accept electrons. This produces
charge separated compounds featuring closed shell anion clusters and isolated
A or Ae cat ions.

Hydrogen in these compounds may also form covalent bonds to the Zintl
ion with bond lengths 1.5∼1.8 Å. These hydrogenous Zintl phases have in
earlier published work been called polyanionic p-element hydrides, a concept
first used by Björling et al [29] although this kind of compounds has been
known since the discovery of SrAl2H2 by Gingl et al.[14].

Two type-structures of such compounds have been reported before fea-
turing aluminium, gallium and silicon in AeAl2H2, AeGa2H2 and AeAlSiH
(Ae=alkaline earth metal) respectively.[14; 29; 30] Both types feature 2-di-
mensional puckered layers of MHx (M=Al, Ga, Si x=1, 2) intercalated by Ae
ions see Figure 1.3. The metal hydrogen-structures are related to hydrogenated
graphene layers where the p-metals have three nearest neighbours. As the d-
orbitals in the main group elements are too far away in energy, only the s- and
p-orbitals are involved in the bond-formation. This is why the p-elements read-
ily form complex structures with M–M bonds, compared to the d-elements. To
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achieve a full octet the M-atoms form covalent bonds to each other and also
involve hydrogen in the mentioned compounds. The polyanionic hydrides gain
their stability in a similar fashion as the TMH complexes i.e. by electropositive
metals donating electron density to more electronegative species involving hy-
drogen. The M atoms may be considered having different degrees of spx (x=1,
2, 3) hybridisation depending on the structure of the cluster, analogous to hy-
drocarbons.

(a) (b)

Figure 1.3: SrAl2D2 structure type (a) and SrAlSiD structure type of polyanionic
hydrogenous Zintl phases. Colour codes: Al = light blue, Si = dark blue, Sr =
green, D = white

The gallium compounds prepared and characterised in this work may be
regarded as hydrogenous Zintl phases although they feature 1-dimensional
chains and molecular metal-hydrogen clusters instead of earlier reported 2-
dimensional polyanions. Hydrogen in the presented compounds exist in two
different bonding situations, both as interstitial hydride ions and forming co-
valent bonds to gallium. Still the compounds are electron-precise and the
electrons can be accounted for by using the Zintl-Klemm concept. Similar
compounds with boron-hydrogen entities have been proposed to be stable by
Density Functional Theory (DFT) calculations but have never been observed
experimentally.[31]
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2. Experimental Methods

Working with metal hydrides is challenging since they generally are air sen-
sitive. The synthesis methods are restricted to solvent-free processing and the
characterisation techniques are limited to methods where the sample can be en-
capsulated. Hence the sample handling was done inside an argon filled glove
box and the synthesis was performed inside sealed autoclaves. The structure
investigations were performed by X-ray Powder Diffraction, Neutron Powder
Diffraction, Inelastic Neutron Scattering and Fourier Transform Infrared Spec-
troscopy. All methods offer the option to encapsulate the sample to prevent
it from reacting with air. Band-gap calculations were made through Density
Functional Theory (DFT).

2.1 Synthesis

Since most reagents and products involving metal hydrides are air and mois-
ture sensitive, all sample manipulation was carried out in a glove box with
continuously purified argon atmosphere to prevent the samples from reacting
with oxygen, nitrogen and moisture. The binary hydrides and the products are
generally insoluble in any solvent which make them difficult to work with us-
ing wet techniques. In order to avoid using solvents the technique used in this
research was limited to solid state processing. The main synthesis method of
the metal hydrides was reactive hot sintering under H2 pressure. The method
is based on mass transport within grains where particles fuse together at ele-
vated temperatures below the materials’ melting points. The driving force of
sintering is the decrease of the surface free energy as a result of decreased sur-
face area. This has been a widely used method for a long time in ceramics
industry and metallurgy.[32] In this work H2 pressure has been used together
with sintering to introduce hydrogen to the structures which complicates the
sintering mechanism. The starting materials used were either metals or binary
hydrides, i.e AH or AeH2 (A=alkali metal, Ae=alkaline earth metal). These
were mixed and pelletised at room temperature using a powder press and the
pellets were placed in Al2O3 (corundum) crucibles. The crucibles were placed
inside a custom-made stainless steel autoclave which was pressurized with H2
gas. The autoclave was then heated to the desired temperature inside a tube
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furnace. The temperature inside the reaction vessel was monitored by a K-
type thermo couple in a stainless steel capillary attached to the pellet. The
important parameters are stoichiometry, temperature and hydrogen pressure at
which the samples are prepared. The reaction times were generally around 18
hours, shorter reaction times would not be sufficient for the systems to reach
equilibrium in some cases, longer times would not be of any advantage. The
reaction conditions and nominal compositions were altered in order to pro-
duce as single phased samples as possible. To optimise the reaction conditions
a small sample was removed after each round of sintering and measured by
powder X-ray diffraction. Depending on what phases were formed, the reac-
tion conditions and stoichiometry were altered accordingly and the sample was
sintered again until a pure phase could be obtained.

Figure 2.1: One of the autoclaves with thermo couple and pressure gauge used
in the synthesis.

2.2 Characterisation

Characterisation of metal hydrides is challenging since most of them are very
air sensitive. Hence encapsulation to prevent the metal hydrides from getting
in contact with air is a prerequisite for analysis. Few methods of encapsu-
lating the samples are available. The structural investigations were primar-
ily performed by diffraction methods, i.e. X-ray Powder Diffraction (XRPD)
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and Neutron Powder Diffraction (NPD). Other characterisation methods used
were Inelastic Neutron Scattering (INS) and Fourier Transform Infrared Spec-
troscopy (FT-IR) to analyse the metal-hydrogen bonds present in order to eval-
uate the bond strength in the materials.

2.2.1 Structure Solution and Refinement by X-ray Powder Diffraction

X-ray diffraction is a technique widely used to determine the 3-dimensional
atomic arrangement of the atoms. This is possible because of the periodical
manner the atoms are arranged in a crystal lattice. The wavelength of the
radiation interacting with the material has to be in the same order of magnitude
as the inter-atomic distances i.e. 1Å=10−10 m to diffract the radiation, hence
X-rays are used. From the positions of the reflections it is possible to derive
the translational symmetry of the crystal utilising Bragg’s law [33, p. 434]

nλ = 2dsinθ (2.1)

where
n=the order of interference
λ=wavelength
d=distance between the lattice planes
θ=the incident angle of the radiation

Figure 2.2: A graphical model for Bragg’s law. The difference in distance of
the two rays has to be an integer number of wavelengths to produce constructive
interference. The bottom ray travels a distance equal to 2dsinθ longer than the
top ray. The arrows indicate the direction of the rays.

From the intensity of each reflection it is possible to determine the atom type
at each position once the structure factors are known. All atoms have different
form factors, proportional to N where N is the number of electrons.
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There are two major techniques of X-ray diffraction, single crystal diffrac-
tion and powder diffraction. Single crystal diffraction is by far the most com-
mon technique for structure determination of new materials but the drawback
is that it requires fairly large single crystals (∼ 50µm). Many materials yield
much smaller crystals and are not possible to characterize using single crystal
diffraction. Powder diffraction works in a similar way, but instead of looking
at one single crystal, several crystallites are observed at once giving a mean
value of all reflections, the 3-dimensional pattern yielded from single a crystal
is collapsed into a 1-dimensional pattern. This makes it much more compli-
cated to solve the structure of a material, but using Rietveld refinement it is
possible to refine crystal structures using powder diffraction data, which has
been the main method used in this work for solving crystal structures.[34] With
powder diffraction one can also study many other properties of materials e.g.
stress, strain, grain size and pore size where applicable.

Indexing of Powder Diffraction Patterns

The first step in the structure determination process is to determine a 3d unit
cell from the diffraction lines in a powder diffraction pattern. This proce-
dure is called indexing. By indexing the pattern every reflection is assigned
an index, hkl. From these indexes the lattice parameters and eventual sym-
metry can be determined. Powder diffraction data contains a fraction of the
information of a single crystal data set, hence the procedure is less straight for-
ward. Many methods have been developed for indexing but the method used in
this work is called Trial and error in index space implemented in the TREOR
programme.[35] TREOR starts to search unit cells with cubic symmetry and
then successively lower symmetry down to triclinic. It is crucial to have ac-
curate line positions to determine the unit cell from powder diffraction data.
One method for determining the reliability of the obtained unit cell is the De
Wolffs’s figure of merit M20.[36] This figure of merit (FOM) is calculated for
each unit cell found in a search where all reflections should be indexed and the
FOM should be as high as possible. An M20 > 10 is generally considered a
plausible solution. The de Wolff’s figure of merit is defined as:

M20 =
Q20

2εN20
(2.2)

where
Q20=sin2θ for the 20th observed and indexed reflection
ε=average discrepancy in Q for these 20 reflections
N20=number of different Q values up to Q20
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Structure Solution from Powder Diffraction Patterns

With the unit cell known, a space group symmetry has to be chosen. System-
atic reflection conditions give clues about translational symmetry components
in the structure, i.e. lattice centrings, glide-mirror planes and screw axes. The
space group describes the translational as well as rotational symmetries of the
unit cell content. The intensities of the reflections can be derived from the
atom positions in the unit cell and what atom type is present at each posi-
tion, however not the opposite. Numerous methods for solving structures from
X-ray diffraction data have been developed, however they are divided in two
main groups called direct space(DS) methods and reciprocal space(RS) meth-
ods. The DS methods start with a hypothetical structure and the generated
diffraction pattern is compared to the measured pattern. The real space struc-
ture is updated and compared over and over again with the measured data. DS
methods have mainly been used in this work with the FOX software [37] im-
plementing a parallel tempering algorithm which is a development of the sim-
ulated annealing algorithm. RS methods deal solely with data in diffraction
space. Two common RS methods are direct methods and heavy atom methods
e.g. the Patterson method.[38; 39]

Rietveld Refinement

When an initial structure is obtained i.e. initial estimates of phases are known,
the structure has to be refined in order to achieve more accurate atomic pa-
rameters. The structure refinement of powder diffraction data is performed by
the Rietveld method.[40] That method takes the whole diffraction pattern into
account, defining both structural and non structural parameters. Examples of
structural parameters are atom positions, displacement parameters and occu-
pancies. Examples of non structural parameters are half width, background,
unit cell and zero shift parameters. By taking the intensity of each measured
point of the pattern into account it is possible to compare the calculated inten-
sities with the measured ones. The non structural and the structural parameters
are refined together to obtain as good fit as possible. To do so a function M is
minimised:

M = ∑
i

wi(yobs
i −

1
c

ycalc
i )2 (2.3)

where
∑i =the sum over all observations
wi =statistical weight
c =an over all scale factor so that ycalc

i = cyobs
i

yobs
i =the observed intensity

ycalc
i =the calculated intensity
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To determine the quality of the refinement a set of parameters have been set
up. Rp, Rwp, RB, RF and χ2 are most commonly used to compare the fit of the
data.[34, p. 22] Several computer programs have been developed over the years
to facilitate the refinement procedure. Jana2006, Fullprof2000 and GSAS are
three programs used in this work.[41–43] An example of a Rietveld refinement
result is demonstrated in Figure 2.3.

Figure 2.3: Example of a PXRD profile refinement of Rb8Ga5H15 together with
the binary phase RbH in Fullprof2000.

2.2.2 Neutron Powder Diffraction

Another diffraction technique for structural characterisation is elastic neutron
scattering. This technique produces similar data as XRPD. However neutrons
interact with the nuclei of atoms, and in the case the atoms possess a mag-
netic moment also with the electron cloud because the neutron has a magnetic
moment. The nuclear form factor is constant because the atoms can be re-
garded as point-like. It is possible to distinguish between adjacent elements in
the periodic table and even between isotopes of the same element because the
scattering cross sections depend on the compositions of the nuclei.[44] The
magnetic form factor vary with the scattering vector in a similar fashion as
X-ray form factors. This results in higher intensities for high angle diffraction
data, which is an advantage for structure refinements, where the high angle data
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is important. Neutrons interact very weakly with materials thus large samples
are necessary to get adequate data. The large sample volumes together with
the huge facilities necessary to produce neutrons makes neutron diffraction an
expensive technique. In this work NPD has primarily been used to determine
the positions of the X-ray transparent hydrogen atoms. 1H has a large neutron
incoherent cross section and comprises 99.99 % of all natural hydrogen.[45]
2H (deuterium) on the other hand has a large coherent scattering cross section
for neutrons and a small incoherent cross section. Thus 2H2 (deuterium gas)
was used to synthesize the compounds being analysed by neutron diffraction.
The great advantage with this procedure is that it is possible to first refine the
metal atom structure with X-ray diffraction and then solve the complete struc-
ture from neutron diffraction.

2.2.3 Vibrational Measurements

Vibrational measurements of chemical compounds are performed to find out
what wavelengths of different radiation are absorbed. From this data one
can elucidate the strength of the present bonds. The measured data is plot-
ted against the energy of the radiation. Usually the energy scale is reciprocal
centimetres (cm−1). The intensity of the bands has different units depending
on what technique is utilised.

Inelastic Neutron Scattering

INS is a method to measure momentum transfer as a function of wave-number
using neutron radiation. It is a powerful method to study hydrogenated com-
pounds since it utilizes the incoherent cross section (IXS) of the elements to
measure the absorption frequencies of compounds. Since the IXS of 1H is
roughly one magnitude larger than most other elements the influence of hy-
drogen will be dominant in the INS spectra, hence the vibrational, rotational
and stretching frequencies of the hydrogen bonds can be readily investigated.
One drawback with INS is the lack of selection rules which gives rise to many
overtones and very complex spectra compared to Raman or IR. Neutron radia-
tion demands for large facilities which is costly and all measurements have to
be performed at close to 0 K in order to reduce the contribution from phonon
vibrations which otherwise smear out the data.

Infrared Spectroscopy

IR gives similar data to INS but with the important difference that there are
rules for which bands are present. In order for a band to be present there
has to be a change in the dipole moment. This is both an advantage and a
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disadvantage. The advantage being that the IR-spectrum is far less complex
than the INS-spectrum and the disadvantage is that some information s lost.
Since IR can be measured at room temperature and the readily availability of
in-house equipment, it is an attractive method for vibrational measurements
and characterisation of materials.

2.2.4 Quantum Mechanical Calculations-DFT

With DFT calculations it is possible to obtain ab initio information of systems.
By fitting DFT calculations to experimental data and using a starting model it
is also possible to refine crystalline and molecular structures. Important infor-
mation like electronic properties and band structure can be obtained from DFT
calculations. Since periodic systems have very complex electronic structures,
the results obtained should always be regarded as theoretical values. It is pos-
sible to confirm the validity of the data by compare the calculated results with
measured values when available i.e. by comparing a simulated INS-spectrum
with a measured one. In this work DFT calculations have been used to calcu-
late band structure, estimate band gaps of some transition metal hydrides and
model vibrational spectra, hence confirming the bonding model. The theory
behind DFT calculations is beyond the scope of this thesis.
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3. Transition Metal Hydrides

The metal hydrides in this section were synthesised by cold pressing and sin-
tering the pelletised starting materials as described in section 2.1. The start-
ing material for all hydrides except for SrMg2CoH7 was the well investigated
metal hydride Mg2CoH5 to suppress formation of Co metal. The products were
characterised by X-ray diffraction and neutron diffraction. The band-gaps were
estimated by first principle DFT calculations.
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3.1 Structural descriptions

3.1.1 BaMg5Co2H10 (Paper I)

This compound may be described with isolated [Co(-I)H4]5− distorted tetra-
hedra suspended in a lattice of barium hydride and magnesium as BaH2Mg5-
[CoH4]2. The profound feature is the remarkably low formal oxidation state
of -I in an 18e− complex just as the [CoH5]4− featured in the hitherto known
cobalt compounds. The compound crystallises in the orthorombic space group
Immm (71) with Z=2. Apart from hydrogen covalently bound to Co there are
also interstitial hydride ions in the structure. Each complex is surrounded by
magnesium, and barium is occupying sites related to the BaH2 structure with
a Ba–H distance of 2.77Å, close to the Ba–H bond lengths observed in BaH2
(2.56-2.97Å). The compound is black which indicates a band gap less than 1
eV. Initial resistivity measurements indicate that the compound is an insula-
tor at room temperature. It is suggested that low formal oxidation states of
metal ions in hydrogenous compounds may be explained by magnesium form-
ing a Mg2+

2 specie. In that case Co would have a higher oxidation state than
-I. In other magnesium containing metal hydrides where the central atom has
an unreasonably low oxidation state according to simple electron counting,
e.g. in Mg6Co2H11, Mg3RuH3 and Mg4IrH5 this is experimentally evidenced
by particularly short Mg–Mg distances (<3Å). In BaMg5Co2H10 the shortest
Mg–Mg distance is 3.05 Å which cannot be considered a short enough distance
of a Mg2+

2 specie.
[CoH4]5− in BaH2Mg5[CoH4]2 is different from the hitherto known saddle-

like [CoH4]5− present in Mg6Co2H11[46] since its symmetry is much closer
to tetrahedral with the H–Co–H bond angles: 100.59(9)◦,108.238(2)◦x3 and
121.33(9)◦ compared to 92.3(7)◦,97.1(6)◦,97.3(7)◦,101.5(7)◦,102.5(6)◦ and
157.2(7)◦ in the saddle like [CoH4]5− this is illustrated in figure 3.1. The
chemical environment of the [CoH4]5− complex is also different from other
compounds with similar stoichiometry, see Figure 3.2a. Normally the counter
ions form a cuboidal symmetry around the complex in order to maximise the
interaction between magnesium and the TMH complex, which is not the case
in BaMg5Co2H10.
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(a) (b)

Figure 3.1: Comparison of of the tetrahedral [CoH4]5− found in BaMg5Co2H10
(a) and the saddle-like [CoH4]5− found in Mg6Co2H11 (b). Colour codes: Co =
green, D = white.

(a) (b)

Figure 3.2: Local chemical environment around [CoD4]5− (a) and slightly more
than a unit cell of BaMg5H2[CoH5]2 (b).Colour codes: Ba = lime green, Co =
green, D = white, Mg = grey, [CoD4]−5 = red tetrahedra. Unit cell edges are
marked in black.

24



3.1.2 RbMg5CoNiH10 (Paper I)

This compound is closely related to BaMg5Co2H10. The idea was to investi-
gate whether [NiH4]4− could coexist with the also tetrahedral [CoH4]5− main-
taining the crystal structure of BaMg5Co2H10. In order to keep the charge
balance, a counter ion with oxidation state +I necessary. That very ion also
has to be of a similar size compared to Ba. Thus Rb and K are two candidates.
The attempts with potassium were unsuccessful but with rubidium a new phase
was formed. The structure from the X-ray refinement showed a very close re-
semblance with BaMg5Co2H10. The XRD pattern could be indexed with a
slightly smaller unit cell of the same symmetry (Immm (71)). The refinement
showed a lower symmetry for one magnesium position. Otherwise the metal
atom positions remained unaltered. To fit the magnesium properly (cf. Fig-
ure 3.3a and Figure 3.3b), the point group had to be changed to mm2 resulting
in space group Imm2 (44). In this space group Co and Ni are sharing the same
crystallographic position in the unit cell and no ordering could be observed. It
is very difficult to distinguish between adjacent elements in the periodic table
in X-ray diffraction as mentioned in section 2.2.1. Unfortunately the TMH
complexes are distorted in the structure which makes the full crystal structure
very difficult to refine. The INS spectrum (cf. Figure 3.4), shows a close re-
semblance with BaMg5Co2H10, the INS spectrum of RbMg5CoNiH10 is more
smeared out as a consequence of the larger disorder of the complexes. From
the similarities between the spectra it is possible to draw the conclusion that
similar entities exist in both compounds. We were also able to produce phase
pure samples by changing the ratios between Co and Ni by also adjusting the
Ba:Rb ratio for charge balance, still maintaining the crystal structure creating
a complicated multinary system.
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(a) [100] direction. (b) [010] direction.

Figure 3.3: RbMg5CoNiH10 viewed along the [100] and the [010] direction re-
spectively. Rb = red, Co/Ni = cyan, Mg = grey, Mg breaking the m symmetry.

Figure 3.4: INS spectrum shows the close resemblance between BaMg5Co2H10
and RbMg5CoNiH10 with the latter exhibiting a more smeared out spectrum as a
consequence of the greater disorder.

26



3.1.3 SrMg2CoH7 (Paper I)

The structure of SrMg2CoH7 is closely related to SrMg2FeH8.[47] The major
difference is the arrangement of hydrogen in the structure. The refinements
of this structure first implied a C-centred unit cell with the monoclinic space
group C2/m (12). Neutron diffraction data yielded additional reflections in-
dicating a lower symmetry than space group C2/m (12). Refining the hy-
dride positions using space group C2/m (12) also generated an octahedrally
coordinated [CoH6] complex which would not be realistic from an electronic
perspective. After structure refinements it was found that the unit cell was
primitive and belonged to the space group P2/m (10). Using this space group
we could confirm that the structure actually consist of [CoH5]4− square pyra-
mids facing each other, which gives an impression of octahedral complexes.
These complexes make up layers together with Mg2+. The structure also fea-
tures interstitial hydride ions which together with Sr2+ forms strontium hy-
dride layers with Sr–H distances of 2.65Å which is close to the distances in
SrD2 (2.36-2.79 Å). Thus the structure may be described as SrH2(Mg2[CoH5])
Z=2. The counter ions Sr2+ and Mg2+ make up a distorted cube around the
complexes as seen in Figure 3.5a, which is common in many complex metal
hydrides. SrMg2CoH7 and SrMg2FeH8 are closely related because [FeH6]4−

and [CoH5]4− are isoelectronic and isostructural, both Co and Fe having octa-
hedral orbital arrangement but one coordination site being vacant in [CoH5]4−.
SrMg2CoH7 being black compared to the green colour of SrMg2FeH8 implies
that changing Fe to Co lowers the band gap dramatically.

(a) (b)

Figure 3.5: Local chemical environment around [CoH5]4− (a) and slightly more
than a unit cell of SrH2Mg2[CoH5] (b). Color codes are Sr = blue, Mg = grey, Co
= green, D = white, [CoH5] = green square pyramids. Unit cell edges are marked
in black.
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3.1.4 Sr4Mg4Co3H19 (Paper II)

This compound is closely related with the iron containing compound Ca4Mg4-
Fe3H22 but the black colour of Sr4Mg4Co3H19 implies a lower band gap com-
pared to Ca4Mg4Fe3H22 which possess a brownish colour.[48] The structure
type of this compound can be found in several other Co-H compounds with
different counter ions being lanthanides and Ae metals, which shows that it is
a favourable arrangement for the [CoH5]4−-complexes.[48; 49] The compound
is cubic with orientationally disordered [CoH5]4−-complexes which at first
glance appear octaherally coordinated as in Ca4Mg4Fe3H22. The [CoH5]4−

complexes are situated at the unit cell edges and these are surrounded by Sr,
Mg and interstitial hydride ions (cf. figure 3.6a). The counter ions, Mg2+ and
Sr2+ form a similar cubical arrangement around the [CoH5]4− complexes as
observed in SrMg2CoH7. The structure can be described as Sr4Mg4H4[CoH5]3
Z=1. Also for this compound several attempts were made under different con-
ditions to produce a cobalt compound containing octahedral complexes, un-
fortunately so far all attempts were unsuccessful. This compound is seem-
ingly more thermally stable than SrMg2CoH7 since SrMg2CoH7 transforms
into Sr4Mg4Co3H19 at higher temperatures.

(a) (b)

Figure 3.6: Local chemical environment around [CoH5]
4−. A distorted cube

with altering Mg-Sr counter ions which can be observed in many other TMH-
systems e.g. MgMNiH4 (M=Ae, Ln) (a) and slightly more than a unit cell
of Sr4Mg4H4[CoH5]3 (b). Colour codes: Sr = blue, Mg = grey, D = white,
[CoH5]=yellow octahedra. Half occupied D− are represented with red colour.
Unit cell edges are marked in black.
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3.2 Structural Consequences

These TMH complexes show different oxidation states of cobalt by varying
the counter ions, i.e. changing some magnesium by other metals. By changing
the structure, the band gap also changes drastically, from 0.3 eV in Mg2CoH5
and 0.07 eV in SrMg2CoH7 to 1.1 eV in BaMg5Co2H10. This demonstrates
the delicate chemical balance in the complex metal hydrides with 3d-metals.
A new Co–H complex was discovered featuring close to tetrahedral geome-
try compared to the saddle-like complex in Mg6Co2H11. It is unique for a
3-d TMH complex to adopt 3 different coordination geometries which makes
cobalt special. This illustrates how the hydride ligand can stabilize both un-
stable and even very low oxidation states i.e. Co(I) and Co(-I). Co(I) would
disproportionate under normal circumstances to Co(II) and Co(0). Co(II) and
Co(III) are common in oxides but have never been observed in hydrides. Be-
cause of the hydride’s lack of orbitals to accommodate electrons, the counter
ions play an important role in the structure formation and the chemical prop-
erties. As described in section 1.4 the TMH complex is relieved of electron
density through the counter ions which stabilises the structure. Surprisingly
[CoH4]

5− has completely different compositions of nearest neighbours com-
pared to [CoH5]4− in the compounds above. [CoH5]4− has nearest neighbours
of both Mg and other Ae ions in a cubical arrangement, while while [CoH4]5−

only gathers seven Mg2+-ions. The classic way of describing low oxidation
states cannot be used in this case and by substituting some magnesium by
other Ae or A metals it was possible to tune the oxidation state of cobalt, band
gap and electrical properties. Since almost all 3d-TM complexes exist with
Mg2+ counter ions we assumed that by substituting other metals for magne-
sium would destabilise the metal hydrides, but so far no destabilisation has
been observed. All the compounds mentioned are rather air stable and last for
a few days in air. This is common for all 3d transition metal hydrides but the
reactivity towards air increase using 4d- and 5d-metals.

Currently there are no known stable binary hydrides of most 3d-metals.
One of the reasons for this is considered to be the hard 3d-electrons that can-
not interact well with the large soft hydride ion through an s-d interaction. By
alloying, or mixing these metals with strong hydride forming metals, e.g. mag-
nesium, one may form stable metal hydride complexes in a lattice of Mg-ions.
This is true for all 3-d metals to the right of Vanadium although, chromium and
Manganese need GPa pressures to react. Iron, cobalt and nickel readily form
hydride complexes together with magnesium with CN 6, 5 and 4 respectively.
This implies that magnesium plays an important role in the complex formation.
The small Mg2+ ion is strongly polarising and has the ability of relieve some
electron density from the complexes which stabilises them. The synthesised
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and characterised compounds feature two different isolated Co-H complexes,
[CoH4]5− and [CoH5]4−, depending on what counter ions occur in the crystal
structure. Interesting to notice is that both these complexes can be regarded as
18e−-complexes which is common for all hitherto known 4th period complex
hydrides with the single exception [MnH4]2− which is a 13e−-complex.[50]
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4. Gallium Complex Hydrides

The hydride complexes presented in this section were synthesised similarly
to the TM-hydrides with a few alterations. The metallic starting materials;
soft alkali metals, gallium and alkali metal mixtures were mixed prior to heat
treatment. The resulting product from the first heat treatment was ground,
pelletised and heat treated again to get achieve single phased samples.

31



Ta
bl

e
4.

1:
O

ve
rv

ie
w

of
th

e
sy

nt
he

si
se

d
T

M
H

co
m

pl
ex

es

C
om

po
un

d
Sp

ac
e

gr
ou

p
Z

a
(Å

)
b

(Å
)

c
(Å

)
V

(Å
3 )

R
bG

aH
2

P
nm

a
(6

2)
4

7.
47

6(
3)

9.
55

8(
6)

4.
49

1(
2)

32
0.

20
(1

)
K

G
aH

2
C

m
cm

(6
3)

4
5.

45
08

(1
)

12
.2

26
(3

)
4.

52
04

(1
)

29
6.

73
(1

)
R

b 8
G

a 5
H

15
F

d3
m

(2
27

)
8

16
.7

86
8(

8)
-

-
47

37
.1

2(
5)

C
s 8

G
a 5

H
15

F
d3

m
(2

27
)

8
17

.3
74

(1
)

-
-

52
75

.2
(5

)
C

s 1
0G

a 9
H

25
P

6 3
/

m
cm

(1
93

)
2

11
.1

10
8(

3)
-

18
.2

14
9(

5)
19

47
.4

(1
)

32



4.1 Structural descriptions

4.1.1 RbGaH2 (Paper III)

This metal hydride compound presents the first example of 1-dimensional
metal hydride chains formed in the vicinity of an alkali metal. The structure
can be described with unit cell in the orthorhombic space group Pnma (62)
where the polyanionic chains are intercalated by Rb-ions, hence the structure
can be described as Rbn[GaH2]n where n is an integer. The polymer structure
itself resembles polyethylene chains, but with a negative charge.

Figure 4.1: Slightly more than two unit cells of RbGaH2 showing the [GaH2]
chains intercalated by Rb+ ions. The unit cell is marked in black. Colour codes:
Rb = red, Ga = green, D = white. Unit cell edges are marked in black

4.1.2 KxRb(1−x)GaH2 (0.5≤ x≤ 1) (PaperIV)

The structure is closely related to RbGaH2 with a few modifications. The
[GaH2]n−

n chains are intact with the same Ga–Ga distances and bond angles but
the chains are packed more symmetrical which results in a unit cell with higher
symmetry (Cmcm 63). Rb and K has exactly the same electronegativity (0.82)
but they differ much in radius, 0.138 nm for K+ vs. 0.152 for Rb+. In the case
of x ≤ 0.5 the structure is stable, but reducing x leads to a disproportionation
where a potassium rich phase together with RbGaH2 are obtained. The unit cell
parameters decrease with increased amount of potassium in accordance with
Vegard’s law [51] although the unit cell parameters decrease anisotropically.
Figure 4.3 demonstrates relationship in the unit cell size when substituting Rb
with K. The a- and b parameter, perpendicular to the [GaH2]n−

n chains decrease
much more than the c-parameter. This is expected if the chains are rigid and
the integrity within the chains is conserved. The compound is black compared
to the red RbGaH2 indicating a lower band gap for this Cmcm (63) structure.
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(a) viewing along the [(GaH2)n]n−

chains in the [010] direction in
RbGaH2.

(b) viewing along the
[(GaH2)n]n− chains in the
[001] direction in Rb0.5K0.5GaH2.

Figure 4.2: Comparison of the packing of the species in RbGaH2 and
Rb0.5K0.5GaH2. It can be seen that the [(GaH2)n]n− chains in Rb0.5K0.5GaH2
are packed in a more symmetrical fashion. Colour codes: Rb = red, K/Rb = blue,
Ga = green, D = white.

Figure 4.3: The cell volume as a function of x in KxRb(1−x)GaH2
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4.1.3 Rb/Cs8Ga5H15 (Paper III)

The crystal structure of Rb8Ga5H15 can be described by three different build-
ing blocks in the cubic space group Fd3m (227), Z = 8. The polyanionic cluster
ion [Ga5H12]5− and Rb+ are located inside a cristobalite-like network where
Si and O are represented by [HRb6]5+ units. These units form larger units rep-
resenting SiO4 tetrehedra with the composition ([HRb6]5+)4. One interstitial
H− situated at the 8a Wyckoff position (0.125 0.125 0.125) (Yellow octahe-
dron) representing Si and another H− situated at the 16d position (0.5 0.5 0.5)
(blue octahedron) represent O. These units connect just in the same way as the
SiO4 units to form an ideal cationic cristobalite structure (cf. Figure 4.4b).

The gallium-hydride polyanions are positioned inside the cavities in the
cristobalite structure and the A+-ions (A=Rb, Cs) run between the anions in
the middle of the channels of the network as seen in Figure 4.4c. This is the
first example of a metal-hydride structure where hydrogen exists both as inter-
stitial hydride ion species together and taking part of a polyanion with covalent
M–H bonds. The hydrido-anion itself is isostructural and isoelectronic with
neopentane. The counter ions form a structure which is isostructural with the
SiO2-form cristobalite. These species together form a complicated hierarchical
structure.

Rubidium is interchangeable with caesium in the solid solution system
CsxRb(8−x)H3[Ga5H12] (0≤ x ≤ 8). The only structural difference of the dif-
ferent compositions is an increase of the cell parameter in accordance with
Vegard’s law, see Figure 4.5. This is expected since Cs has a larger radius than
Rb. The fact that integrity of the cluster-ions is kept indicates that these are
rather stable.
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(a)

(b)

(c)

Figure 4.4: The [Ga5D12]5− complex (a), the cristobalite network of
[HRb/Cs6]5− units and the Rb/Cs+ counter ions seen in the the [110] direction
(b) and the local chemical environment around [Ga5D12]5− (c). Colour codes:
Rb+/Cs+ = pink, Ga = green, Rb/Cs–D network = yellow and blue octahedra.
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Figure 4.5: Cell parameter as a function of x in CsxRb(8−x)H3[Ga5H12]
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4.1.4 Cs10Ga9H25 (Paper V)

Mixing caesium with gallium in the stochiometric ratio 1:1 one would expect
from earlier results to form a phase with the composition CsGaH2 or CsGaH4.
Instead of forming any of the predicted phases, a hydrogenous Zintl phase fea-
turing propane-like [Ga3H8]3− polyanions with isolated [HCs6]5+ octahedra
and Cs+ as counterions was formed. This is the first example of a polyan-
ionic metal hydride where a molecular polyanion is counterbalanced with both
an isolated complex cation not being a part of a complex structure and al-
kali metal ions. Just as in Rb8Ga5D15 the counter ions are large soft metals
and metal hydride complexes. The entities in this structure are packed in a
symmetric manner where one is ending up with the hexagonal unit cell which
adopts the space group P63/mcm (193), Z = 2. The asymmetric unit is large,
but can be divided into to the units shown in Figure 4.6. The hexagonal sym-
metry is generated from the highly symmetrical order of packing of the differ-
ent entities as seen in Figure 4.6b. As seen in Figure 4.6a when the thermal
parameters of the deuterium positions are refined anisotropically, the thermal
ellipsoids get elongated. This phenomenon is thought to come from both static
and dynamic distortion. The static distortion is thought to come from disorder
of the complexes in the crystal structure. This compound has a very light grey
colour which indicates localised electrons.
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(a) (b)

(c)

Figure 4.6: The [Ga3H8]3− polyanion with large thermal ellipsoids probably
due to a combination of librations and static distortion (a), the asymmetric unit
showing the local chemical environment around [Ga3H8]3− with [HCs6]5− and
Cs+ cations (b) and the unit cell seen from the [001] direction. Colour codes: Cs
= blue, Ga = green, D = white, [HCs6]5− = yellow octahedra.
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4.1.5 Structural Consequences

The synthesised gallium hydrides all form molecular clusters or chains instead
of 2-d layers or isolated MH4 complexes reported earlier. The Ga–Ga bond dis-
tances are all close to 2.5 Å which is slightly shorter than observed in earlier
publications with gallium-hydrogen polyanions (2.56-2.63 Å).[30] The reason
for this is most probably the lower electronegativity of Cs, Rb and K com-
pared to the Ae metals used in the earlier studies. The A-metals donate more
electron density which stabilises the highly negative polyanions. The different
structures can be obtained by tuning the ratio of the counter ions and gallium as
well as changing the counter ions. RbGaH2 transforms into Rb8Ga5H15 by ad-
dition of Rb, it is then possible to observe how the compound changes colour
from dark red to white. A similar effect is observed when adding K metal
to RbGaH2 which then changes colour to black. Two crystal structures were
observed with caesium as counter ions. Both these structures contain molec-
ular gallium species. No chains or layers were observed in these structures as
seen in Figure 4.4 and 4.6. All complexes together with the counter ions are
summarised in Table 4.2. No products featuring this type of complexes were
observed using aluminium or boron as starting material although several at-
tempts were made. The reason may be the higher melting point of aluminium
and boron and higher stability of e.g. [AlH4]− compared to [GaH4]−. All
these compounds are electron precise and the electrons may be accounted for
by accounting the electrons the same way as done in Zintl phases. Although
not being real Zintl phases they may be regarded as being closely related. The
[GaH4]− complex is occurring in many chemical environments with many dif-
ferent counter ions. Interestingly we have not been able to produce a single
compound featuring [GaH4]− by solid state processing. This indicates a strong
Ga-Ga interaction.
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5. Conclusions

A series of novel metal hydrides containing d-metal complexes and hydroge-
nous gallium clusters have been synthesised and characterised. These include a
range of new structure types and novel metal-hydrogen complexes. The promi-
nent features of the systems discovered include low oxidation states and metal-
hydrogen bonding situations observed for the first time.

Rb8Ga5H15 with three discrete building blocks of descending size reveals
the first hierarchical structure for main block hydrides. Cs10Ga9H25 demon-
strates a structure where a propane-like gallium-hydrogen complex has both
complex cations and elemental cations as counter ions. RbGaH2 and KxRb(1−x)-
GaH2 (0 ≤ x ≤ 1) show structures where one dimensional chains of gallium-
hydrogen anions are counter balanced with Rb+ or K+. Cs10Ga9H25, RbGaH2
and Rb8Ga5H15 all feature novel gallium-hydrogen complexes mimicking com-
mon hydrocarbons with molecular and 1d-polymeric structures. The study
shows how the nature and also the amount of the counter ions play an im-
portant role in the formation of metal-hydrogen complexes of gallium. Not
only is the electronegativity of the counter ion a factor but also the size of the
ions. Polymeric hydrogenous gallium polyanions are formed in the vicinity
of smaller, more electronegative ions while larger alkali metal ions promote
molecular complexes. The colour of the samples implies a change of band
gap depending on the crystal structure. It is also possible to make the gallium
hydride entities to rearrange in the solid state by adding other counter ions.
This was demonstrated in the system KxRb(1−x)GaH2 (0 ≤ x ≤ 1) where pure
RbGaH2 with space group Pnma (62) which has red colour turned into black
KxRb(1−x)GaH2 (0 ≤ x ≤ 1) with space group Cmcm (63) upon addition of
potassium. There were no successful attempts of forming such species for ei-
ther boron or aluminium in this study. One explanation may be the very low
melting point of gallium and the gallium-alkali metal mixtures.

The Transition metal hydrides in the study demonstrate how cobalt can
adopt an exceptionally low formal oxidation state in the structures BaH2Mg5-
[Co(-I)H4]2 and RbH2Mg5[Co(-I)H4][Ni(0)H4]. The same behaviour of cobalt
cannot be observed with any other alkaline earth metal ions or earlier reported
compounds involving lanthanide counter ions. However Co(-I) has been re-
ported coexisting with Co(I) in Mg6Co2H11. This fact confirms the earlier
statement that the counter ions play an important role in hydrogenous com-
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pounds. A similar coordination environment of a TMH complex has never
been reported before, but it is clear that Mg2+ has an important role in the for-
mation of low-valent complexes as stated earlier. This because the low-valent
complex only gathers Mg2+ ions and Sr and Co solely coordinates to hydrogen.
In the normal case of 3d-TMH complexes both Mg2+ and the other Ae- or A-
metal coordinates to the TMH complex. In the strontium-containing structures
SrMg2CoH7 and Sr4Mg4Co3H19, the [Co(I)H5]4−-complex is formed and the
counter ions form a cuboidal arrangement around the complex. Both struc-
tures are closely related to iron compounds with the same TM-Ae stoichiom-
etry. The difference is the Amount of hydrogen, because iron is 2-valent an
cobalt is 1-valent. Interestingly no analogues to SrMg2CoH7 have been re-
ported with any other counter ions than strontium which indicates that a large
ion is necessary to produce the layers structure obtained. The first principle
calculations show how the band gap of the transition metal hydrides change
vastly by changing the counter-ions.

To conclude the metal-hydrogen systems are versatile and the hydrogen
ligand provides a rich chemistry with a large number of complicated structures
due to its dual nature. By small changes in the systems, big changes can be
achieved with respect to structures and properties.
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6. Populärvetenskaplig samman-
fattning

Vätgas kan användas som drivmedel med många fördelar jämfört med petro-
leum. Inga giftiga gaser eller växthusgaser släpps ut vid förbränning av väte,
dessutom är energimängden per vätemolekyl mycket hög. Utmaningen är att
hitta ett säkert sätt att lagra stora mängder väte. Man har idag begränsade möj-
ligheter att lagra väte på grund av att det är en mycket lätt molekyl som endast
bildar svaga intermolekylära bindningar. På grund av detta ligger vätes trip-
pelpunkt, alltså den högsta temperatur vid vilken väte kanövergå till flytande
form på -259◦C. Därför åtgår det mycket energi för att hålla vätgas flytande.
Om väte lagras vid rumstemperatur krävs istället mycket högt tryck för att lag-
ra någon signifikant mängd väte, vilket betyder att förvaringskärlen måste vara
väldigt robusta och då blir mycket tunga och dyra.

Metallhydrider kan lagra stora mängder väte i fast tillstånd med hög densi-
tet på ett säkert sätt. Detta utnyttjas främst idag i nickel-metallhydridbatterier
som används i stor utsträckning, bland annat i hybridbilen Toyota Prius. Nack-
delen är att de metallhydrider som lagrar stora mängder väte generellt är för
stabila och har svårt att släppa ifrån sig vätgas. De som idag används kom-
mersiellt framställs från tunga metaller vilket leder till att mycket liten del av
vikten är väte.

I det här projektet har vi utrett hur bindningen mellan metall och väte beter
sig i olika kemiska miljöer för att få en bättre förståelse hur man kan framstäl-
la metallhydrider som har skräddarsydda egenskaper för att kunna lagra och
släppa från sig vätgas. Detta har gjorts systematiskt genom att framställa hyd-
rider vid olika betingelser och sedan utreda hur atomerna i metallhydriderna är
arrangerade.

45



46



7. Acknowledgements

First of all I would like to thank MMK (formerly FOOS-kemi) for accepting
me as PhD candidate and giving me the opportunity of doing this research.
There are many people I would like to thank for important input and for mak-
ing the time at MMK enjoyable. I wish to thank all my co-workers, friends and
collaborators for their help and support throughout my PhD. Firstly I would
like to thank Dag Noréus and Lars Eriksson for being my supervisors through-
out the project and for providing precious input. I am also grateful for getting
the chance to be acquainted with the following great persons:

Pelle and Hans-Erik in the workshop have been absolutely great maintaining
and making equipment for me.

My good friend Samrand Shafeie whom I have known from the first day at
MMK has given me precious input by fruitful and interesting discussions through-
out my research.

Ken Inge for being my study buddy at the first courses I undertook at MMK
and for being a great friend.

Ulrich Häussermann for interesting and rewarding scientific discussions.

Annbritt Rönnell, Daniel Emanuelson, Anna-karin Olsson and Hanna Nyholm
for making all administration run smoothly.

Roffe Eriksson for making my computer run smooth and for fun discussions.

Jekabs Grins for teaching me the absolute essences of Rietveld refinement and
for endless discussions about the safety at MMK as my fellow safety officer.

Anna-Karin Dahlberg for being my fellow safety officer.

Gunnar Svensson for financial support some of my conferences and for great
discussions about the social life at MMK.

Lars Göthe for teaching me everything I know about the diffractometers, for

47



taking such a great care of the diffractometers and for the long discussions
about powder diffraction and amateur radio.

Sven Hovmöller for reading my thesis and commenting on the language.

My acquaintances Amber Mace, Jon Kapla, Cecilia Frostne, Henrik Carlsson
and Tom Willhammar for the great job in the PhD student council, keep up the
good work!

I want to thank the foundations and trusts: Stiftelsen Elisabeth och Herman
Rhodins minne, Stiftelsen Lars Hiertas minne, Kungliga Vetenskapsakademien,
Åforsk, Knut och Allice Wallenbergs stiftelse and C F Liljevalch J:ors stiftelse
for the generous financial support for conferences and schools.

I also want to thank my friends Fabian Carson, Ocean Cheung, Daniel Eklöf,
Mikaela Gustafsson, Neda Keshavarzi, Verina Kranak, Mikael Kritikos, Sumit
Kunar, Ilich Ibarra, Julien Navarro, Kristina Spektor and Henrik Svengren, it
has been a pleasure knowing you all.

Lastly I want to thank my family and my fantastic girlfriend Lisa for believing
in me and for supporting me all the time.

48



References

[1] R. E. BEDFORD, G. BONNIER, H. MAAS, AND F. PAVESE. Recommended values of temperature
on the International Temperature Scale of 1990 for a selected set of secondary reference points.
Metrologia, 33(2):133–154, April 1996. 3

[2] E. FARBER. The Development of Metal Hydride Chemistry. Chymia, 8:165–180, January 1962. 3

[3] W. GROCHALA AND P. EDWARDS. Thermal decomposition of the non-interstitial hydrides for
the storage and production of hydrogen. Chemical Reviews, 104(3):1283–1315, MAR 2004. 3

[4] F. COTTON, G. WILKINSON, C. MURILLO, AND M. BOCHMANN. Advanced Inorganic Chemistry,
6th ed. John Wiley, New York, 1999. 3

[5] H. BLOMQVIST AND D. NORÉUS. Mechanically reversible conductor-insulator transition in
Mg2NiH4. Journal of Applied Physics, 91(8):5141, 2002. 4

[6] K. YOSHIMURA, Y. YAMADA, S. BAO, K. TAJIMA, AND M. OKADA. Preparation and charac-
terization of gasochromic switchable-mirror window with practical size. Solar Energy Materials
and Solar Cells, 93(12):2138–2142, December 2009. 4

[7] W. MUELLER, J. BLACKLEDGE, G. LIBOWITZ, AND U. A. E. COMMISSION. Metal hydrides.
Academic Press, 1968. 4

[8] A. JAMES AND M. LORD. MacMillan’s Chemical and Physical Data. MacMillan, 1992. 5

[9] S. C. ABRAHAMS, A. P. GINSBERG, AND K. KNOX. Transition Metal-Hydrogen Compounds.
II. The Crystal and Molecular Structure of Potassium Rhenium Hydride, K2ReH9. Inorganic
Chemistry, 3(4):558–567, April 1964. 5

[10] F. BONHOMME, N. STETSON, K. YVON, P. FISCHER, AND A. HEWAT. Orthorhombic Mg4IrD5
with disordered deuterium distribution. Journal of Alloys and Compounds, 200(1-2):65–68, Octo-
ber 1993. 5, 8

[11] R. G. PEARSON. Hard and soft acids and bases, HSAB, part 1: Fundamental principles. Journal
of Chemical Education, 45(9):581, September 1968. 5

[12] R. KING. Structure and bonding in homoleptic transition metal hydride anions. Coordination
Chemistry Reviews, 200-202:813–829, May 2000. 5, 7

[13] R. W. HENNING, E. A. LEON-ESCAMILLA, J.-T. ZHAO, AND J. D. CORBETT. Stabilization by
Hydrogen. Synthetic and Structural Studies of the Zintl Phase Ba5Ga6H2. Inorganic chemistry,
36(7):1282–1285, March 1997. 6, 10

[14] F. GINGL, T. VOGT, AND E. AKIBA. Trigonal SrAl2H2: the first Zintl phase hydride. Journal of
Alloys and Compounds, 306(1-2):127–132, June 2000. 6, 10

[15] J. J. REILLY AND R. H. WISWALL. Reaction of hydrogen with alloys of magnesium and nickel
and the formation of Mg2NiH4. Inorganic Chemistry, 7(11):2254–2256, November 1968. 6, 8

49

http://stacks.iop.org/0026-1394/33/i=2/a=3?key=crossref.45019661860f31e93bb4293e4f13f75b
http://stacks.iop.org/0026-1394/33/i=2/a=3?key=crossref.45019661860f31e93bb4293e4f13f75b
http://www.jstor.org/stable/info/10.2307/27757223
http://link.aip.org/link/JAPIAU/v91/i8/p5141/s1&Agg=doi
http://link.aip.org/link/JAPIAU/v91/i8/p5141/s1&Agg=doi
http://linkinghub.elsevier.com/retrieve/pii/S0927024809001159
http://linkinghub.elsevier.com/retrieve/pii/S0927024809001159
http://books.google.se/books?id=6eqFAAAAIAAJ
http://books.google.se/books?id=J386AQAAIAAJ
http://pubs.acs.org/cgi-bin/doilookup/?10.1021/ic50014a026
http://pubs.acs.org/cgi-bin/doilookup/?10.1021/ic50014a026
http://linkinghub.elsevier.com/retrieve/pii/092583889390472Y
http://linkinghub.elsevier.com/retrieve/pii/092583889390472Y
http://pubs.acs.org/doi/abs/10.1021/ed045p581
http://linkinghub.elsevier.com/retrieve/pii/S0010854500002630
http://www.ncbi.nlm.nih.gov/pubmed/11669703
http://www.ncbi.nlm.nih.gov/pubmed/11669703
http://linkinghub.elsevier.com/retrieve/pii/S0925838800007556
http://pubs.acs.org/cgi-bin/doilookup/?10.1021/ic50069a016
http://pubs.acs.org/cgi-bin/doilookup/?10.1021/ic50069a016


[16] S. ABRAHAMS, K. KNOX, AND A. GINSBERG. Transition Metal-Hydrogen Compounds .2.
Crystal + Moloecular Structure of Potassium Rhenium Hydride K2ReH9. Inorganic Chemistry,
3(4):558–&, 1964. 7

[17] T. K. FIRMAN AND C. R. LANDIS. Structure and Electron Counting in Ternary Transition Metal
Hydrides. Journal of the American Chemical Society, 120(48):12650–12656, December 1998. 7

[18] R. G. YVON KLAUS. Encyclopedia of Inorganic Chemistry. John Wiley & Sons, Ltd, Chichester,
UK, March 2006. 7, 8

[19] H. WIPF. Solubility and Diffusion of Hydrogen in Pure Metals and Alloys. Physica Scripta,
T94(1):43, 2001. 7

[20] H. M. LEE. The solubility of hydrogen in transition metals. Metallurgical Transactions A,
7(3):431–433, March 1976. 7

[21] M. BORTZ, B. BERTHEVILLE, K. YVON, E. A. MOVLAEV, V. N. VERBETSKY, AND F. FAUTH.
Mg3MnH7 , containing the first known hexahydridomanganese(I) complex. Journal of Alloys
and Compounds, 279(2):L8–L10, October 1998. 7

[22] E. RÖNNEBRO, D. KYOI, H. BLOMQVIST, D. NORÉUS, AND T. SAKAI. Structural characteriza-
tion of Mg3CrH6-a new high-pressure phase synthesized in a multi-anvil cell at 8 GPa. Journal
of Alloys and Compounds, 368(1-2):279–282, April 2004. 7

[23] F. BONHOMME, K. YVON, AND P. FISCHER. Tetragonal trimagnesium ruthenium trideuteride,
Mg3RuD3, containing dinuclear [Ru2D6]12− complex anions. Journal of Alloys and Compounds,
186(2):309–314, August 1992. 8

[24] J. J. DIDISHEIM, P. ZOLLIKER, K. YVON, P. FISCHER, J. SCHEFER, M. GUBELMANN, AND A. F.
WILLIAMS. Dimagnesium iron(II) hydride, Mg2FeH6, containing octahedral FeH4−

6 anions.
Inorganic Chemistry, 23(13):1953–1957, June 1984. 8

[25] P. ZOLLIKER, K. YVON, P. FISCHER, AND J. SCHEFER. Dimagnesium cobalt(I) pentahydride,
Mg2CoH5, containing square-pyramidal pentahydrocobaltate(4-) (CoH4−

5 ) anions. Inorganic
Chemistry, 24(24):4177–4180, November 1985. 8

[26] B. HUANG, F. BONHOMME, P. SELVAM, K. YVON, AND P. FISCHER. New ternary and qua-
ternary metal hydrides with K2PtCl6-type structures. Journal of the Less Common Metals,
171(2):301–311, August 1991. 8
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