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Abstract 

The implementation of new alternative energy concepts is essential considering 

the increased pollution and exploitation of fossil energy resources.  As the simplest and 

most abundant element, hydrogen has the potential to energy system.  Solid state 

transition metal hydrides based on Re and transition metals are very attractive materials 

for hydrogen and energy storage due to their large volumetric capacity, providing a safe 

and efficient way of storing hydrogen.  The [ReH9]
-2

 ion continues to captivate 

researchers because of its stability, unusually high oxidation state of rhenium metal (VII), 

D3h symmetry (tricapped trigonal prism); with 9 hydrogen atoms coordinating to Re atom.   

In this study, the effect of pressure on the metal-hydrogen bonding and the 

consequence on the hydrogen absorption and desorption are investigated for M[ReH9]
-2

, 

where M= Na, K, and Ba.  Understanding the chemical and physical properties of metal 

hydrides at ambient as well as elevated pressure and temperature conditions will in 

sequence assist in the design of suitable storage materials with optimum thermodynamic 

parameters. 

The BaReH9 complex was synthesized and evaluated under ambient to extreme 

environments.   For this compound, we report bulk moduli for lower and higher pressures 

obtained by fitting of pressure and volume data using obtained using 3
rd

 order Birch-

Murnaghan equation of state.  The results exhibited a possible orientation disorder in the 

crystal without any phase transformation in the studied pressure, which is a divergence 

from computational studies.  Grüneisen parameters were also calculated and reported 

here.   
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High pressure studies of Na2ReH9 and K2ReH9 were also performed, report the 

assignment of vibrational spectroscopy at ambient condition.  The structural behavior of 

Na2ReH9 and K2ReH9 performed at high pressure, using in-situ Raman spectroscopic and 

high resolution synchrotron x-ray diffraction, studies revealed new phase transformations 

above 9 GPa and 16 GPa for both Na2ReH9 and K2ReH9 due to compression.  We 

deduced that the phase transformations occur to relieve this repulsion due to H-H 

interaction of two [ReH9]
-2

 ions as volume of the unit cell reduces due to pressure 

increases. 

Two new deuterated transition metal hydrides (Na2ReD9 and BaReD9) were 

successfully synthesized by reaction via metathesis reaction in deuterated ethanol.  

Raman and IR spectroscopy showed isotopic shift with (H/D) of ~1.4.  The crystal 

structure of BaReD9 has been determined by synchrotron powder diffraction and the 

results were consistent with the P63/mmc (#194) space group, with lattice parameters a = 

5.2924 (±0.0006) Å and c = 9.3286 (±0.0014) Å. 

 In summary, the effect of pressure on the metal-hydrogen bonding of BaReH9, 

Na2ReH9, and K2ReH9 were investigated using synchrotron x-ray, Raman and IR 

spectroscopy.  BaReH9 is stable up to the studied pressure while Na2ReH9 and K2ReH9 

exhibit phase transformation at higher pressures.  Two new deuterated transition metal 

hydrides (Na2ReD9 and BaReD9) were successfully synthesized and characterized. 
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Chapter I  

Introduction 

1.1. Motivation 

The use of fossil fuels as our primary energy resource has raised concerns over its 

limited supplies and more importantly, its contribution to pollution and global warming.  

Global uses of our current energy systems are not sustainable.  The energy supply 

provided by fossil fuels is currently 85% of the nation’s energy supply, with oil 

accounting for 39%. By the year 2020, the use of fossil fuels is expected to increase by 

32%.  The transportation industry on its own consumes about two-thirds of the nation’s 

oil.
1
  These have led to extensive research to develop new, cheap and sustainable source 

of energy.  Hydrogen has a potential to be used as an alternative energy based upon its 

abundance and high energy density per unit mass (10Wh/kg) of any fuel.
2
  For vehicular 

application, use of hydrogen as a source of energy seems promising being zero emission 

fuel and can be combusted with oxygen producing water as an exhaust or byproduct.  

However, the success of hydrogen economy depends on effective storage and delivery of 

hydrogen.  The United States Department of Energy (DOE) has set the standards that a 

hydrogen fuel system should meet as part of their FreedomCar initiative.
1
 The goals set 

forth by DOE for the storage system of a hydrogen based vehicle is shown in Table 1.1 

Over the past decades, hydrogen has been stored in high pressure cylinders as 

compressed gas at 2200 psi (~ 150 bar) which contain approximately 1 wt. % of 

hydrogen based on the average mass of the cylinder. 
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Table 1.1. FreedomCar hydrogen storage system targets
1 

 

This is a well-developed technology but it is not desirable for vehicular 

application. However, because it’s heavy and bulk, the efficiency of this method is 

significantly reduced.   

Reports reveal new gas cylinders with ~ 5wt% hydrogen but they require 

pressures up to 10000Psi (690 bar).
3-4,5

  However, such extreme pressures in gas 

cylinders present several problems.  (1) Safety concern especially in highly populated 

areas. (2) The hydrogen no longer obeys the ideal gas law and doubling the pressure 

would only increase the gas density by a half. (3) The bulky and heavy cylinders reduce 

the overall efficiency of the car. 

Storing hydrogen in liquid form is often referred to as LH2 and is a well know 

process and currently in use technology.  Recently, BMW demonstrated the feasibility of 

using liquid hydrogen in BMW Mini Hydrogen rolled out in 2001.
6
  Liquid hydrogen has 

volumetric storage capacity of 0.07 KgH2/L which meets the DOE requirement but the 

challenge lies in cooling the cryogenic storage tanks to 50 K and all the insulation 

needed.  Furthermore, more than 1% hydrogen per day evaporates off even in the best 

storage tanks.  Current research efforts are directed on optimization of the insulation 
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layers of storage tanks to reduce both the required volume and cooling energy load.  The 

total cost associated with liquification of hydrogen is 30% of the storage energy and it 

further reduces the energy efficiency of the fuel cycle.
7
 

The challenges of energy loss in liquefaction of hydrogen and the hazard potential 

of using compressed gas cylinders has led to recent focus on solid state hydrogen storage 

methods.  There are various solid state hydrogen storage materials (1) chemical hydrides 

(2) metal hydrides and (3) and through physisorption.  

The chemical compounds tend to be more stable because the covalent bonding is 

stronger than van-der Waals forces and therefore significant energy is required to release 

the stored hydrogen. 

 

Figure 1.1.  Volumetric and gravimetric density for various H2 storage forms.  The 

Mg2FeH6 has the highest known volumetric hydrogen density of 150 kg.m
-3

, and BaReH9 

has the largest H/M ratio of 4.5 while LiBH4 demonstrates the highest gravimetric 

hydrogen density of 18 mass%.
33
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In general, storing hydrogen as hydrides has such as poor reversibility, poor 

thermal conductivity, and relatively high dehydrogenation temperature.  Therefore, 

development of new hydrides, with improved storage properties and understanding the 

existing ones remains a very active research topic for the last few years and is the focus 

of this work.  Hydrides embody a broad category of promising hydrogen storage 

materials and will be briefly discussed in the next section. A comparison of gravimetric 

and volumetric capacity of selected hydrides is shown in Figure 1.1.
33

 

1.2. Chemical hydrides 

There is great interest in hydrogen storage materials in which hydrogen 

chemically bonds to elements such as nitrogen, carbon, and boron.  Chemical hydride 

desorbs hydrogen by a chemical reaction and recharges hydrogen by a chemical 

processing pathway.  A good example is ammonia borane (AB = NH3BH3) which has 

gained a significant interest lately, given its stability (in air and moisture), and due to its 

commercial availability
8-12

.  Ammonia borane has a hydrogen gravimetric density of 190 

g/kg (100-140 g/L) which is higher than most other reported chemicals.  The main 

concern with producing chemical hydrides is that the materials undergo only a one-way 

reaction to produce hydrogen gas that it is not readily reversible.  Other common 

examples of chemical hydrides are CH4, NH3, and C4H10. 

1.3. Metal hydrides 

Classical metal hydrides generally have an alloy in form of AB2, AB5, A2B where 

A is rare earth and B is a transition metal, these compounds store hydrogen interstially.  

Intermetallic hydrides in the form of AT2Hx or AT5Hx, where A is generally a lanthanide 
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or actinide element and T is a transition metal, are well documented. LaNi5H6  have 

successfully been used in battery and space applications and first reported by Buschow 

and Miedema.
13

  Rare earth  transition metal hydrides release H2 at room temperature but 

have less hydrogen storage capacity (< 2.5 wt. %).  Examples of classical transitional 

metal hydrides are LaNi5, Fe-Ti, MnNi5 and others.  Such metal hydrides are synthesized 

by subjecting corresponding metals to high hydrogen pressure.
14-18

   

Complex metal hydrides are typically solids composed of a host lattice of metal 

atoms and hydrogen atoms trapped in the interstitial sites forming a single phase 

compound.  There is a great need of creating new lightweight complex hydrides and also 

to improve the operation of well-known hydrides by understanding the thermodynamic 

stability.   These typically form metal-hydrogen complexes (i.e. AlH4-, BH4-, MnH9
2-

), 

which form covalent or ionic bond with a cation creating a highly stable complex metal 

hydride i.e. NaAlH4 or NaBH4.  Complex metal hydrides have received much attention 

because of their high reversibility, and high volumetric hydrogen density and their 

applications in proton-exchange membrane (PEM) fuel cells.  For the above mentioned 

reasons, this work will focus specifically on [ReH9]
-2

 complexes as high capacity 

hydrogen storage materials.   

1.4. Physisorption   

Nano-materials based on carbon (i.e. MOFs
19

, carbon fibres
20

, and carbon 

nanotubes
21

  have been investigated for their potential for hydrogen storage.  Carbon 

based materials are interesting due to their abundance and can be produced in different 

forms.  The hydrogen molecules bond to the surface of the material through weak van der 
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Waals bonds.  The surface area of the material dictates the amount of hydrogen that can 

be stored by physisorption. In principle, the higher the specific surface area, the higher 

the amount of hydrogen that can be stored.  Studies have shown that carbon based 

materials can be easily modified to improve kinetics as well as capacity of these materials 

for use for hydrogen storage.
22

 In addition, carbon based materials have an ideal 

hydrogen binding energy between 10 and 50 kJ/mol H2.  Materials with hydrogen bonds 

less than this range are less desirable candidates since hydrogen can be freely and 

inadvertently released near-room temperature operation at reasonable pressures. 

1.5. Material under extreme Pressures  

Pressure in the universe varies extensively from 10
-32

 bar in the intergalactic space 

vacuum to approximately 10
67

 bar inside a black hole. The pressure at the core of the 

earth reaches to ~ 3.5 Mbar.  Life exists from 1bar at sea level to 1kbar at the bottom of 

the ocean.  In a laboratory setting, it is now possible to experimentally access  up to 100 

TPa as recently reported by Jeanloz et al.
23

  Percy William Bridgman best describes the 

significance of high pressure studies by saying: 

The condensed state, par excellence, is obviously presented by matter 

under high pressure, so that, to say the least, our understanding of the 

condensed state cannot be regarded as satisfactory until we can give 

an account of the effect of pressure on every variety of physical 

phenomena. - P. W. Bridgman (1935)
24

  

Bridgman won the Nobel Prize in Physics (1946) for his high pressure work.
25

 He 

was able to reach pressures above 100 kbar by compressing the sample between metallic 

anvils.  Today, it is possible to reach static pressure over 3 Mbar using diamond anvil cell 
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(DAC).  High pressure research using DAC has gained interest over the years as 

indicated by the exponential increase in number of publications (Figure 1.2).  

 

Figure 1.2. Approximate number of publications since 1960 by typing "Diamond Anvil 

Cell" in SciFinder.   

 

Pressure induced phenomena using DAC provides valuable structural, electron 

and magnetic phase transitions for example liquid-solid, solid-solid, liquid-liquid 

transitions
26

,
 
superconductivity

27
, insulator–metal

28
, molecular dissociation

29
, and more.  

The motivation behind high pressure research is the high hopes to create new and useful 

condensed phases with practical applications.  Researchers are interested in material 

properties such as superhardness
30

, hydrogen storage capacity
31

, and energetic behavior.
32 

Studies at high pressure aim at describing behavior of matter when atoms move closer to 

each other.  It allows characterization of pressure induced behaviors as localized 

electrons interact with their neighbors.  Investigation at high pressure is done 
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computationally to predict these behaviors and experimental data to improve and support 

the results. 

1.6. Outline of the work done 

This dissertation focuses on hydrogen storage in transition metal hydrides based on 

[ReH9]
-2

 ion complex.  It is organized into seven chapters and one appendix.  

 

 Chapter 1 contains a general introduction to the thesis and discusses the research 

objectives, the criteria that materials must meet in order to be considered as 

viable hydrogen storage candidates, what kind of materials have been or are 

being considered as potential hydrogen storage materials.  We introduce the 

study of material under extreme conditions. 

 

 Chapter 2 focuses on the basics of solid state hydrogen storage.  Here, literature 

background of complex and transition metal hydride is reviewed. 

 

 In chapter 3, various experimental techniques used for this work are discussed.  

The includes  diamond anvil cell (DAC), diffraction tools, nuclear magnetic 

resonance  and vibrational spectroscopy,  and others 

 

 Chapter 4 deals with high pressure studies of using in-situ Raman and IR 

spectroscopy and synchrotron x-ray 

 

 Chapter 5 describes high pressure behavior of Na2ReH9 and K2ReH9 using  

Raman spectroscopy and synchrotron x-ray  

 

 In Chapter 6  is dedicated to synthesis and characterization of Na2ReH9 and 

BaReD9  

 

 Chapter 7 gives a comprehensive summary of this work 

 

 Appendix provides a  detailed of diffraction analysis procedure 
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Chapter II  

Background  

Hydrogen is seen as a key energy carrier for the future.  Major concerns about 

security of energy supply, source diversification and reduction of greenhouse gas 

emissions could be solved by an energy economy based on hydrogen (especially when 

produced from renewable energy sources), with fuel cells as a major energy conversion 

technology.  Research work presented in this dissertation focuses primarily on metal 

hydrides as regenerable on board storage materials. 

Numerous metals and alloys react reversibly with hydrogen forming metal 

hydrides according to the following reaction: 

                                           (2.1) 

Where M is a metal, a solid solution, or an intermetallic compound, MHn is the resulting 

hydride and n the ratio of hydrogen to metal, n = [H/M], E the heat of reaction.   The 

entropy of the hydride is lower in comparison to the gaseous hydrogen phase and metal 

therefore at ambient and elevated temperatures the hydride formation is exothermic. The 

reverse reaction is endothermic, and releases hydrogen. To summarize, for hydrogen 

absorption and desorption, heat supply is necessary.  Hydrogen can react with metals as 

molecular hydrogen gas or hydrogen atoms from an electrolyte.   

Several reaction steps are involved when hydrogen reacts with the metals to form 

the hydride.  There is van der Waals force due to attractive interaction when a hydrogen 

molecule approaches the metal surface leading to a physisorbed phase.  Typically, the 

physisorption energy is in the order EPhys ≈ 6 kJ/mol H2 as illustrated in Figure 2.1.  

M + n/2H2                                   MHn + E
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During physisorption, a gas hydrogen molecule interacts with several atoms at the surface 

of a solid. The interaction has two terms; (1) an attractive term, which diminishes with 

the distance of the hydrogen molecule and the solid metal by the power of 6, and (2) a 

repulsive term which diminishing with distance by the power of 12.  The result is a 

minimum for the potential energy at approximately one molecular radius.  

It is important to note that the storage capacity is strongly related to the 

temperature and the specific surface areas of the chosen materials.   For example, carbon-

based nanostructures have storage capacities less than 8 wt.% at 77 K and less than 

1wt.% at  room temperature, at pressures below 100 bar according to work by Panella et 

al., and Schmitz et al.,
1-2

 

 

Figure 2.1. Reaction of hydrogen molecules with metal hydride: (a) hydrogen molecule 

approaching the metal surface. (b) Physisorbed state - van der Waals interaction. (c) 

Chemisorbed hydrogen after dissociation. (d) Diffusion of hydrogen atom into bulk 

lattice.
3 
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Figure 2.2.   The separation distance of hydrogen molecule and two hydrogen atoms to 

the metal surface.  van der Waals force results in physisorbed state as the first attractive 

interaction of the hydrogen molecule approaches the metal surface and is about one 

hydrogen molecule radius (≈ 0.2 nm) from the metal surface.
4
  

 

 In the next step, the hydrogen has to overcome an activation barrier for the 

formation of the hydrogen metal bond and for dissociation. This step is also called 

dissociation and chemisorption step. The energy needed for chemisorption is normally in 

the range of EChem ≈ 20 - 150 kJ/mol H2 and is significantly higher than the respective 

energy for physisorption (Figure 2.2).   

 In Figure 2.3, as the pressure increases to point A the H atoms dissociate on the 

metal surface, and then  diffuse into the bulk forming a metal-hydrogen solid solution 

commonly referred to as α-phase.  This new hydride has a characteristic equilibrium 

pressure that is temperature dependent and is seen as a plateau in the pressure between 

points A and B. The plateau has a slight slope due to changes in the equilibrium pressure 
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from composition, localized defects and surface effects.
5
  Point B shows that the material 

has fully converted to the hydride phase and further addition of hydrogen beyond point B 

represents extra hydrogen in solid solution with the hydride.  A second plateau can be 

imagined for some materials which contain a second hydride phase.  An expansion of the 

host metal lattice by 2 to 3 Å
3
 per hydrogen atom is expected when hydrogen atoms 

dissolute. However, there are several dihydride phases of the rare earth metals which 

show a contraction during hydrogen loading for electronic reasons.
6
 The process of 

addition of hydrogen to the metal is associated with significant heat of reaction as 

mentioned above. The amount of heat associated  with hydride formation can be 

determined using a Van’t Hoff plot.
7
   

 

Figure 2.3. A representation of a pressure-composition isotherm (PCI). 

 

If the logarithm of the plateau (equilibrium) pressure is plotted vs. 1/T, a straight line is 

obtained, called Van’t Hoff plot, seen in Figure 2.4.  The change in enthalpy can be 

computed according to the Van’t Hoff equation (Eq. 2.2).   
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Where    the hydrogen pressure at the center of the plateau (equilibrium) and   is the 

standard pressure of 1 bar.  The plot is linear with the slope multiplied by the ideal gas 

constant giving the reaction enthalpy and the intercept multiplied by the gas constant 

giving the reaction entropy (assuming that the enthalpy and entropy of reaction change 

with temperature). 

 

Figure 2.4. Pressure composition isotherms for hydrogen absorption in a metal hydride.  

Three phases: the solid solution (α-phase), the hydride phase (β-phase) and the region of 

the coexistence of the two phases (α+ β) characterized by the flat plateau and ends at the 

critical temperature, Tc, are shown.  A  Van't Hoff plot is shown on the right.
4
 

 

2.1. Complex Metal Hydrides 

Reaction of hydrogen with alkali, alkali-earth and transition metals forms binary 

metal hydride compounds.  Such materials are promising for hydrogen storage due to 

their high weight, gravimetric (wt. %) and volumetric (kg/m
3
) hydrogen content, but due 
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to difficult kinetics and poor reversibility are considered inappropriate for use as 

hydrogen storage materials. 

Table 2.1. Volumetric and gravimetric density, decomposition temperature of alkali and 

alkali- earth complex hydrides.
8
  

 

 

 The alkali and alkali-earth binary metal hydrides are highly stable. For example 

Li, Na and Ca hydrides melt before decomposition at temperatures above 600 °C.   This 

stability is due to strong covalent and ionic bonding nature of these hydrides. Table 2.1 

summarizes decomposition temperatures of alkali and alkali- earth complex hydrides.   

Figure 2.5 shows the Van’t Hoff plots of some selected hydrides. The enthalpy of 

formation of these hydrides H0f determines the amount of heat which is released during 
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hydrogen absorption and then supplied during desorption. It is desired that the reaction 

enthalpy be as low as possible in order to reach the highest possible energy efficiencies in 

a fuel cell.  The working temperatures are determined by enthalpy and entropy from the 

respective plateau pressures of metal hydride.   Working temperatures above 100 °C or at 

least below 150 °C pressures, and between 1 and 100 bar are favored for most 

applications, especially for mobile applications. 

 

Figure 2.5. Van’t Hoff plots of various selected hydrides. The box inside the graph 

represents the desired desorption temperature and pressure which is above 100 °C or 

below 150 °C  and pressures between 1 and 100 bar are favored for most applications.
13

 
 

Improved thermodynamic properties have been reported in several intermetallic 

systems, such as LaNi5 and FeTi.
9-11

  In fact, LaNi5H6.5 is reversible and has 

thermodynamic properties within the desired range for hydrogen storage described above.  

The downside of such a hydride is the high cost associate with La and Ni is relatively 
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heavy atoms.  Unfortunately, the mass fraction of hydrogen that can be stored is below 

2% and is not acceptable for on board hydrogen storage.
12

   

2.2. Ternary Metal Hydrides 

In a ternary metal hydride, use of Ax[THy] or Ax[MHy] where A is alkali or alkaline  

earth metal, T = transition and M is B, Al or Ga.  One can use a lighter Group I or II 

element to bond with hydrogen to increase the gravimetric density.   

The hydrogen-to-metal (H/M) ratio is 2 for most metallic hydrides.  However, ionic 

or covalent metal hydrides may have hydrogen to metal ratio of >2 and up to 4.5 in 

Ba[ReH9].    Over the past years, there has been significant work to synthesize and to 

characterize novel ternary hydrides.
14-16

  This work studies the metal hydrides with high 

H/M ratio.  Advantages of ternary hydrides:  

1. It is possible to improve the properties of the material by changing either the 

central metal or the counter ion. For example, Mg2[FeH6] and Al(BH4)3 have 

volumetric hydrogen density 150 kgm
−3

  which is  the highest known today  and  

is more than double that of liquid. 

2. There is absence of elements such as halide that can lead to undesirable side 

reactions that both reduce the amount of H2 available and are corrosive or toxic.  

For example amides and imides form ammonia although borohydrides can give 

diborane as a highly undesirable by-product. 

3. These metal hydrides are interesting due to new chemistry possible as a results all 

large number of [ReH9]
2-

 ion derivitives.
17

  Both Li(AlH4) and Na(BH4)  have 

been used extensively as reducing agents in organic chemistry.
18
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Figure 2.6 shows the transition elements for which ternary metal hydrides are known 

(colored blue).   Interestingly, compounds left of Mn, Tc, and Re triad do not have known 

complexes, instead they form hydrogen-in-metal systems discussed earlier.   Similarly, no 

complexes of Ag, Au, and Hg have been reported.  New synthetic methods will allow 

formation of new hydrides.  This was shown by Rönnebro et.al. by attempting to produce 

Mg3[CrH6] complex at 8 GPa using a high pressure  multi anvil unit.
19

 

 

Figure 2.6. A section of the periodic table exhibiting known (colored in blue) transition 

elements that form ternary metal hydrides.
20

     

 

Table 2.2. Hydrogen-storage properties of selected  complex transition metal hydrides
21
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As shown in Table 2.2, these known elements form numerous complexes 

exhibiting a variety of stoichiometries, geometries and oxidation.  The majority of these 

complexes are mononuclear; they are centered by one transition metal atom and have 

terminal hydrogen ligands.
21

  For example, ligand geometry ranges from tricapped 

trigonal prismatic (CN=9: [ReH9]
2-

)
22-24

, pentagonal bipyramidal (CN=7: [RuH7]
3-

)
25

, 

octahedral (CN=6: [FeH6]
4-

)
26-32

, square-pyramidal (CN=5: [CoH5]
4-

)
33

, planar (CN=4: 

[RhH4]
3-

)
34

, tetrahedral (CN=4: [NiH4]
4-

)
35-38

, saddle-like (CN=4: [IrH4]
5-

)
39

, and 

triangular (CN=3: [PdH3]
3-

)
40

 to linear (CN=2: [PdH2]
2-

)
41-42

.  

In order to have better understanding of hydrogen storage materials, it is 

important to conduct structural studies at different temperatures and pressures.  These 

materials may exhibit various types of solid state ordering (for example, different crystal 

structures). As mentioned earlier, the state variables important to this work are 

temperature, pressure, entropy, and volume.   These variables can further be categorized 

as extensive or intensive. Here, the extensive variables are entropy and volume because 

the total value for the system is the sum of the constituent parts. For example, the total 

volume of the system is the sum of the volumes occupied by the individual atoms.   

Equally, the intensive variables are temperature and pressure because total value for the 

system is equal to the value for the constituent parts.  For example the temperature in one 

component of the system is the same as the temperature everywhere assuming that the 

system is in thermodynamic equilibrium.
43

  Energy is the product of an extensive 

property and its conjugated intensive property.  Internal energy of a system can be 
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expressed by the first law of thermodynamics as an exact differential in terms of these 

products and their corresponding differentials (Eq. 2.3): 

                                                                                 

In laboratory experiments, the intensive variables (temperature and pressure) are directly 

varied instead of the entropy and volume of the system.  The Gibbs free energy is most 

appropriate for understanding the study of systems as a function of pressure and 

temperature as see in the following expression (Eq. 2.4) which contains the intensive 

properties as the independent variables. 

                                                                                  

In stable circumstances, the Gibbs free energy decreases with increasing temperature and 

increases with increasing pressure. On the other hand, Gibbs free energy across a phase 

transition does not change since the temperature and pressure of a system remain 

constant. It is important to mention that a system will always adopt the state with the 

minimum energy.  The dG disappears during pressure-induced phase transition; at 

constant temperature, the first derivative with respect to pressure does not disappear (Eq. 

2.5). An evidence of this should be provided by a finite volume collapse across the phase 

transition which occurs due to chance in the crystal structure, characterized by a more 

efficient packing of atoms (Figure 2.7).  Change of crystal structure could be as a result 

of increased coordination number or even a change in the nature of the bonding between 

atoms. 

(
  

  
)
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Figure 2.7. Dependency of volume on pressure at constant temperature with phase 

transition from phase I to phase II.
44

 

 
 

2.3. Equation of State 

 

To characterize the compression of material, the change in volume during the 

phase transition can be calculated using a known equation of state (EoS) (Eq. 2.6)   In 

this study, Murnaghan and Birch EoS which is the most commonly used EoS will be used 

to fit isothermal pressure and volume data
45
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Here B0  is the isothermal bulk modulus at zero pressure, B0' is the first derivative (with 

respect to pressure, evaluated at zero pressure) of the isothermal bulk modulus, and V0 is 

the volume at zero pressure (1 atm).   
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Chapter III 

Experimental details 

3.1. Preparation of samples 

 Synthesis operations were carried out on the bench using Schlenk tube techniques 

shown in Figure 3.1. The glassware was evacuated down to a pressure of 10
-3

 mbar and 

flushed with dry and oxygen free nitrogen prior to use.  Compounds that were 

synthesized in this research are all extremely air and moisture sensitive and therefore they 

were handled in an argon filled glove box equipped with a recirculation and regeneration 

system. Both the water and oxygen concentrations were kept below 5 ppm during 

operation.  Reagents such as Sodium rhenium oxide (NaReO4 - 99%, Sigma Aldrich), 

Sodium Ethoxide (99%, Sigma Aldrich) were used as received.  Sodium metal suspended 

in kerosene was first washed in pentane and then ethanol before use.  CAUTION! 

Sodium metal is potentially explosive and reacts violently when exposed to water and 

therefore should be handled with extreme care.  All solvents (HPLC grade) were 

degassed using the pump–thaw technique.  The sample was dried overnight at 80 °C 

under vacuum before it was hermitically packed under argon for transportation to 

experimentations sites.   
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Figure 3.1. Schlenk line technique for air and moisture sensitive metal hydride synthesis. 

 

3.2. Generating pressure using Diamond Anvil Cell  

The Diamond Anvil Cell is a high pressure device that is used to generate high 

pressure by squeezing a sample in a small area between two opposed diamonds. The 

sample is placed in the hole of a gasket (steel, rhenium, graphite etc.) inserted between 

the polished culets of two diamonds as illustrated in Figure 3.2.  The culet is a small area 

on the tip of the diamond which is ground and polished to create a small, flat portion that 

ranges from 100 μm - 1 mm.  The size of the culet is crucial in determining the amount of 

pressure applied to a sample.  The pressure applied the, a sample is roughly estimated by 

the following relation 

  
 

 
                                                                                                                                              

Where F is the force applied and A is the surface area of the culet. Considerably 

higher pressure can be attained by reducing the surface area of the culet.  For example, 

megabar pressure can be generated using 100 μm culet.   
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Figure 3.2. Schematic diagram of a diamond-anvil cell (DAC).
24

  

 

Pressures exceeding 200 GPa are possible
1
 although reports have claimed pressures 

approaching 500 GPa
2
.  A diamond anvil with 500 μm culets can generate pressures up to 

35 GPa.  Another important feature of the diamond anvil is the shape of the culet as seen 

in Figure 3.3.  It is advantageous to change geometry on the edges of the culet in order to 

reduce stress concentration.   

 

Figure 3.3. Flat (a) and Bevel (b) cut diamonds culets. 
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Mao and Bell
3
 were the first to experiment using beveled diamond anvil face which was  

later analyzed for optimum stress.  The results showed an optimum beveled angle of 15° 

had minimum stress.
4
   Detailed description of DAC can be found in two articles by 

Dunstan  and  Spain. 
5-6

  The first DAC’s were developed in the 1950 by Lawson and 

Tang
7
.  Subsequently, Weir et. al.

8
 used DAC to perform the first infrared absorption 

experiments  and Jamieson et al.
9
 used a DAC to obtain high-pressure x-ray diffraction 

patterns to study bismuth.  Since then, DAC has been the instrument of choice for high 

pressure research.  The transparency of the diamonds to most of the electromagnetic 

spectrum such as x-rays, UV, IR, visible light etc., allows the sample may be studied by 

diffraction and spectroscopic techniques. Several types of DACs are used depending on 

the type of experiment to be performed and the different pressures and temperatures 

conditions.  These include Merril-Baset, P series, Mao- Bell, compact cylinder cell, and 

four post high pressure cells.  A Mao-Bell DAC used for this work is shown in Figure 3.4. 

 

Figure 3.4. Mao - Bell DAC similar to the one used in these studies. 
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3.3. Pressure determination 

The pressure in the DAC can be accurately measured using the ruby fluorescence 

system first introduced by Mao et al.
10

.  The pressure was calibrated using a volume-

pressure equation of state (EoS) of NaCl based on previous dynamic shock experiments.  

Although the ruby system is the commonly used method, other materials such as MgO, 

Pt, Au, W, Ag, Cu can be used as pressure markers since they are chemically inert and 

scatter x-rays efficiently.  Ruby is made up of sapphire (Al2O3) with chromium (Cr
3+

) 

ions occupying a percentage of the Al sites. The crystal field theory reveals that the Cr
3+

 

ions are in a d3 configuration.  The octahedral (Oh) symmetry splits the degenerate 3d 

orbitals into t2g and eg orbitals which is further lifted by  trigonal distortions of the 

octahedral Al site, and spin-orbit coupling between the Cr ion and its d electrons.
11

 Using 

a laser, chromium electrons can be excited from ground state to higher energy band and 

consequently decay to lower non-radioactive energy states emitting fluorescence and can 

be detected with a spectrometer.   

Two states, excited (2E) states to the (4A2) ground state, typically identified by 

R1 and R2 respectively, arise due to electric dipole transition and result in two 

fluorescence lines as shown in Figure 3.5.  The two states are significantly affected by the 

distance between Cr ions and Al ions which provides the means for determining pressure.   

The pressure can be determined by the following expression (Eq. 3.2): 

       
 

 
[(

     

  
)
 

  ]                                               
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Figure 3.5. Shifting of ruby R1 and R2 fluorescence lines for sample of Na2ReH9 without 

pressure transmitting medium. 

                             

At ambient conditions, lines R1 and R2 have wavelengths of 694.2 and 692.8 nm 

respectively and are metastable with long lifetime which shifts to higher wave length 

under pressure.   As illustrated in Figure 3.5, the R line broadens and weakens under non-

hydrostaticity.  In addition, at megabar pressures, the pressure becomes exceedingly 

difficult to determine using the ruby system as the lines broaden and weaken.  Therefore, 

it is necessary to put gold, platinum or copper in the sample chamber in order to calibrate 

pressure especially in x-ray diffraction studies. 

These states are very sensitive to the separation distance between the ions and thus vary 

predictably with pressure. The redshift with pressure of the R1 line can be fit. 
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3.4. Gasket preparation 

The gasket is used to hold the sample and to provide support to the diamonds.  

The gasket was prepared by indenting a small metal sheet (typically 300μm in thickness) 

by placing it between the diamonds of the anvil cell.  The gasket was drilled using either 

of two methods. (1) Micro-EDM drilling machine, and (2) pulsed Nd:YVO4 laser (Figure 

3.6).   

 

Figure 3.6. (a) Electrical discharge machine (EDM) from Hylozoic products erodes the 

metallic gasket using sparks at high voltage.  (b) Oxford drilling system (using laser) is 

easy and works well for any size hole. 

 

 The gasket is immersed into a dielectric liquid such as isopropanol and then 

drilled using electric discharge machine from Hylozoic products shown in Figure 3.6  

Drilling by laser is easy and works well for any size hole.  However, extreme care must 

be taken because these are class 1 lasers.  Most of the experiments in this study were 

performed using a rhenium metal gasket.  Rhenium is attractive gasket material due to its 

high yield strength which prevents thinning of the sample at very high pressure.  In 
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addition, its ductility is important because it allows it to deform plastically upon 

indentation with the diamonds. Rhenium metal is very stable and according to Vohra et 

al, it maintains its hexagonal close-packed crystal structure up to 215 GPa.
12

   

3.5. Sample Loading 

Due to moisture and air sensitivity of the materials examined in this study, loading was 

done in argon-filled glove box.  As mention above, there are several types of diamond 

anvil cell, however, this study utilized a Mao-Bell type cell.  A small amount of the 

pressure marker (i.e. ruby) was placed in the hydrides, typically powdered and 

polycrystalline in nature, and the cell was put back together in order to compress the 

samples.  The procedure was repeated to ensure enough sample was added into the 

chamber.  Pressure transmitting media such as inert material (neon gas) were added into 

the DAC to evenly distribute the bidirectional stress on to the sample.  Inert gas was 

introduced into the sample by pressuring the DAC up 25000 psi using a gas loader.   

3.6. X-ray diffraction  

Before material can be studied at a synchrotron center, powder x-ray diffraction 

performed on a PANalytical X’Pert diffractometer was used to determine the initial 

structure of the hydrides as synthesized.  The diffractometer comprises of an 

environmental sample stage which allowed in-situ diffraction experiments to be 

conducted under heating and pressurized conditions.   

 Development of modern diffraction techniques was pioneered by a German 

physicist von Laue in 1912, when he discovered that an x-ray beam was diffracted by a 

single crystal.
23

  This work led to establishing the crystallinity of material as having 
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regular long range order and also wave nature of x-rays.   This work was then further 

expanded by physicists W. H. Bragg and W. L. Bragg, who described the conditions that 

were necessary for diffraction to occur which led to what is now known as Braggs Eq. 

3.3.   X-ray diffracted from the atom in a certain lattice plane in phase with the x-ray 

diffracted from other planes cause constructive interference (Figure 3.7).    

                                                                                     (3.3) 

Where λ is the wavelength of the incident x-ray beam, θ is its angle of incidence, and d is 

the separation distance between atomic layers in the crystal.  The lattice planes are 

indicated by letters h, k and l, refer to the Miller indices.
13

  To determine the d-spacing 

and of lattice planes (hkl) using reciprocal space, the following general expression (Eq. 

3.4): 

     
 

√ 
 
      

                                                                      

where a is the lattice parameter 

 

Figure 3.7. Incident x-rays are diffracted by the layers of atoms in a crystalline material. 
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Considering a circumstance of elastic scattering (in which the wavelength of the 

incidence beam is the same as the scattered x-ray) when the x-ray encounters an electron,   

the intensity, I, of the scattered x-rays is described by the Thompson equation (Eq. 3.5):  

    (
  

  
)
 

(
  

    
)                                                                     

I0 is the intensity of the incident beam, m is the mass of the electron, and r is the distance 

between electron and position of measured intensity.  The µ0 is the permeability of free 

space, e is the charge of the electron, and α is the angle between direction of electron 

acceleration and scatter.  Since scattering is a function of electrons, the heavier elements 

are better x-rays at scattering.   The destructive interference between the Z waves, where 

Z is the atomic number, is typically stronger for larger ions than for cations, which also 

causes the intensity in x-ray diffraction patterns to reduce at high angles. The atomic 

scattering factor, f, is given by the ratio of total sum contribution of all scattering 

electrons to amplitude of a single electron (Eq. 3.6).  

  
                                          

                                              
                                 

The structure factor, Fhkl, which is scattering in a unit cell, is determined by the scattering 

amplitude of a wave by an isolated atom according to Eq. 3.7 

     
                                              

                                              
                                 

Information about the direction and magnitude of scattering can be given by Fhkl and 

therefore is represented as a complex vector.  Instead we can deduce the contribution of 

scattering of different atoms by simply adding vectors as shown in the following 

expression (Eq. 3.8): 

http://en.wikipedia.org/wiki/Scattering_amplitude
http://en.wikipedia.org/wiki/Scattering_amplitude
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     ∑   

   

   

                                                                 

Where N  is the number of atoms contained in the unit cell, fn is the atomic scattering 

factor of the nth atom, u, v, and w are the fractional positional coordinates of the n
th

 atom 

in the unit cell, and h, k, i are the Miller indices of the set of planes (hkl) giving rise to a 

given reflection.  

As mentioned above, x-ray diffraction works well for elements with higher Z 

numbers but it becomes very difficult to study materials with low Z such as hydrogen.  

This is because the x-ray beams deflect off of atoms as they interact with electrons in the 

atoms. Neutron diffraction introduced by C.G. Shull and B. N. Brockhouse provided a 

much needed alternative to x-ray diffraction.  In 1994, Shull and Brockhouse were 

awarded a Nobel Prize in Physics for their work in neutron diffraction.
14

  In neutron 

diffraction technique, use of neutrons is important because they deflect off of the nuclei 

of atoms, as opposed to electrons, making it possible to easily detect hydrogen.  Neutron 

diffraction is characterized by elastic scattering where by the neutrons are diffracted off 

of the nuclei of atoms within the crystal maintains the same incident beam energy.  

Matter can have both particle- and wave-like nature as result of quantum 

mechanics which also applies to neutrons. In neutron scattering experiments, neutrons 

behave as particles when they are created, as waves when they scatter, and again as 

particles when they are detected, as described by de Broglie relation seen in Eq. 3.9  
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Where   is Planck constant (1.034 x 10
−34

 Js, m is the mass of a neutron and v is the 

velocity.   The wave nature of the neutron scattering is usually referred to in terms of the 

neutron wave number.  The neutrons are considered as non-relativistic and the neutron 

kinetic energy is expressed as Eq. 3.10: 

      
    

   
                                                                       

The energy can be converted to wavelength and wavenumber and vice versa.  According 

to Bragg’s Law, d-spacings of diffracted atomic planes can be calculated if the 

wavelength of scattered neutrons is known.   

Given that  

  
  

  
                                                                       

Eq. 3.11 can be rewritten as  

  
 

  
 

  

  
                                                                     

And considering Braggs law where λ = 2dsinθ, rearranging Eq. 3.12, d-spacing is given 

by  

  
  

       
                                                                     

Then  

    
   

 
                                                                           

Since there are arrays of detectors at particular length,   , at angle, θ, from the sample, Eq. 

3.14  can be modified to include time of flight    and Braggs law.  The resulting 
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expression allows d spacing to be resolved based on neutron time of flight and the 

diffraction angle.
15

    

Determination of neutron diffraction intensity is difficult compared to x-ray 

diffraction as described above.  The amplitude of neutron scattered,    is given by Eq. 

3.15: 

       
                                                                        

where   is the measured nuclear scattering cross section. 

This equation is rewritten as
16

 

  √
 

  
                                                                             

this is used to calculate the structure factor of the diffracted neutron beam (Eq. 3.17): 

     ∑√
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)]                                          

where a, b and c are cell parameters for summation of all x, y and z positions in the plane 

of interest (hkl).   

3.7. Study of hydrogen using synchrotron radiation  

 Metal hydrides significantly benefit from synchrotron radiation due to their low 

scattering capability.  Synchrotron radiation provides a high energy, brilliant, small and 

well collimated x-ray beam for high quality diffraction patterns.  It is especially used in 

DACs since only a small amount of sample is used.  Without going much in details, a 

brief summary of synchrotron radiation will be described here.   

Synchrotron radiation is electromagnetic (EM) radiation generated by accelerating 

electrons by use of bending magnets, undulators and wigglers.    
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Figure 3.8. Aerial view of Advanced Photon Source(APS) facility at Argonne National 

Laboratory. 

 

The bending magnets guide charged particles following a curved trajectory. High energy 

radiation is emitted in a direction tangent to their trajectory as the electrons change 

direction around the ring.  This radiation is captured by beam lines.   The current state of 

the art synchrotron light source is fitted with undulators or wigglers at several straight 

sections.  These periodic magnets are designed provides a tunable spectrum of high 

brightness photons.  

High pressure x-ray measurements in this study were conducted at the following national 

light sources: 

 Sector 16-IDB, HPCAT, at Advanced Photon Source (APS),  Argonne National 

Laboratory (λ =0.41328 Å) (Figure 3.8) 
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 High pressure beamline 12.2.2  at Advanced Light Source (ALS), Lawrence 

Berkeley National Laboratory (λ = 0.4959 Å)  

Mar345 image plate detector was used to collect the diffracted x-rays and calibration was 

done using CeO2 or LaB6 standards.  

 

 

Figure 3.9. High pressure beamline 12.2.2 at Advanced Light Source (ALS), Lawrence 

Berkeley National Laboratory. 

 

Figure 3.9 shows a picture inside a hutch of high pressure beamline 12.2.2 at the 

Advanced Light Source (ALS) facility in LBNL.  The setup of the high pressure beam 

lines generally is similar but the x-ray optics such as slits, attenuators, and mirrors vary 

from beamline to beamline.  These x-ray optics are used to focus, change beam 

dimensions, control the bandwidth, photon flux, and collimation of the x-ray beam. The 

incoming x-ray beam is typically 10x10 μm or smaller which is suitable for DAC 

experiments.  The beamline has over 10 eV of energy which is necessary for penetrating 

diamonds in the diamond anvil cell.   
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3.8. Vibrational Spectroscopy 

This section briefly visits the theoretical description of molecular vibrations.  There are 

variety of motions that can produce different type of excitation in molecules and solids.  

They are categorized in electronic, vibrational, and rotational.  The electronic state 

explains the distribution of the negative electronic charge throughout the entire molecule.  

The vibrational accounts for the motion of the nuclei relative to each other.  Conversely, 

rotational motion characterizes the situation where the nuclei maintain constant 

separations relative to each other. In many circumstances, these degrees of freedom can 

be considered independent.  By calculating the electronic energy of the molecule for 

fixed nuclear coordinates, the vibrational potential energy surface of a molecule can be 

determined.  Based on the Born-Oppenheimer approximation, the potential energy 

surface can be constructed by varying the nuclear coordinates.  The nuclei can be 

considered to be stationary when calculating the electronic eigenfunction since the mass 

of an electron is significantly smaller than that of compared to the nuclei.  If the potential 

energy surface is denoted as E(R), where Ra contains all the nuclear coordinates the 

resulting Schrodinger equation for the wave function of the nuclei, ψn, is written as:
17

 

     [        ]                                                             

where Hn is the Hamiltonian of the nuclei and Tn kinetic energy of the nuclei.  The 

vibrational eigenfunctions and eigenvalues can be obtained by solving Eq. 3.20. 

A minimum in the potential energy is give when the position Ra = 0 which gives 

the equilibrium positions of the nuclei. Position Ra is usually reduced to a single 

coordinate for a specific type of vibrational mode. In general, the potential will appear 
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quadratic around this equilibrium point for small displacements. The problem can then be 

reduced to that of a quantum mechanical simple harmonic oscillator expressed as
18

 

 
 
 

  

    

   
 

 

 
                                                                    

Here,  ħ = h/2π, where h is Planck’s constant, and m and k are the effective mass and 

spring constant, respectively.  

The quantized energies of a simple harmonic oscillator are given by  

     (  
 

 
)                                                                 

where ν is the vibrational frequency and n is a positive integral quantum number.
19

  There 

are small deviations called anharmonicities arise from this formula which are due to 

cubic and higher order terms in the potential energy function. Eq. 3.23 describes the 

normalized wavefunctions of a simple harmonic oscillator.   
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where ω = k/m and Hn(x) is the Hermite polynomial of order n.  In infrared absorption (or 

emission) spectrum, the intensity of a transition depends on the square of a matrix 

element of the form: 

             ∫ √  
       

 

  

      √
 

   
[√          √       ]          

where       and       are the final and initial state wavefunctions, respectively, and 

δi,j is the Kronecker delta function.
19

  The selection rule where a photon can only be 

absorbed or emitted if n changes by ±1 are indicated by delta functions. This selection 

rule also holds for Raman scattering, since matrix elements of this form also occur in the 
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formula for the Raman scattering intensity.  If n > 1, the transition is known as an 

overtone. Although weak, these transitions can occur if the potential has anharmonic 

terms, i.e., if it has terms of order higher than two. Another type of transition is a 

combination mode in which two different modes of a vibration are simultaneously 

excited. However, these types of transitions also tend to be rather weak. 

Vibrational modes can be categorized into different types.  These include 

stretching (ν), scissoring (δ), rocking (ρ or γr), twisting (t or γt), and wagging (w or γw). 

The stretching modes can be symmetric or asymmetric depending on whether or not the 

atoms move in phase or 180
0
 out of phase.  A diagram of these different types of 

vibrational motions is shown in Figure 3.10.  

 

Figure 3.10. Illustration of different types of vibrational modes. The + and – symbols 

indicate motion perpendicular to the plane of the paper. 
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Figure 3.11.  In-situ Raman and IR spectroscopic system for high-pressure laser-heating 

in a DAC at the Geophysical Laboratory at Carnegie Institution of Washington, 

Washington, DC.
25
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Infrared and Raman spectroscopy are the commonly techniques used to study the 

molecular vibrations.  Infrared absorption involves the direct absorption of an IR photon 

which excites a vibrational level of the system.  

Raman spectroscopy was first reported by C. V. Raman and measures inelastic 

scattering.
20

  Raman scattering occurs when a photon is inelastically scattered, i.e., it is 

re-emitted with a different amount of energy than it originally had.  This energy 

difference goes into vibrational excitation (Stokes transitions where the emitted photon is 

of lower energy than the incident) or de-excitation (anti-Stokes transitions where the 

emitted photon is of a higher energy than the incident) of the system. If the energy of the 

incident photon is equal to that of the scattered one, the process is called Rayleigh 

scattering.   

 

Figure 3.12. Energy levels and transitions related to the Raman effect. 
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The energy of a vibrational mode depends on molecular structure and its 

environment.  Atomic mass, bond order, molecular substituents, molecular geometry, and 

hydrogen bonding all effect the vibrational force constant which in turn dictates the 

vibrational energy.
21

 

The intensity of the emitted photons is a function of wavelength shift (related to energy 

shift) from the elastic line which is measured in units of wavenumber ν (cm
-1

): 

  
 

         
 

 

          
                                                                  

The energy (∆E = hcν) of a particular vibration or rotation is given by the wavenumber of 

each observed peak.   The intensity is directly related to the degree of polarizability.
22

 

For our study, an Ar+ laser (Princeton instruments) of wavelength 632 nm with a 

power of 0.456 W was used. Backscattered Raman spectra was collected using an 

imaging spectrograph (ISA HR460, 300 and 1500-grooves/mm grating) equipped with a 

liquid nitrogen- cooled charge-coupled device (CCD)  detector with a 460 mm focal 

length f/5.3 with a resolution of 0.5 cm
-1

.  Calibration of the Raman scattering 

wavelength was accomplished using neon lines providing an accuracy of 1 cm
-1

. Due to 

very high intensity Raman active modes near the first-order diamond peak at 1331 cm
-1

 

would be impossible to resolve.  Therefore, an initial overall spectrum with 300 grooves/ 

mm grating was collected to help decide the peak position that would be monitored with 

the higher-resolution 1500 grooves/mm grating.    

3.9. Nuclear magnetic resonance spectroscopy 

NMR utilizes the principle that nuclei of all elements carry a charge.   The overall 

spin of the charged nucleus generates a magnetic dipole along the spin axis when the 
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spins of the protons and neutrons comprising these nuclei are not paired.  Therefore, the 

intrinsic magnitude of this dipole is a fundamental nuclear property called the nuclear 

magnetic moment, µ.  The symmetry of the charge distribution in the nucleus is a 

function of its internal structure and if this is spherical (i.e. analogous to the symmetry of 

a 1s hydrogen orbital), it is said to have a corresponding spin angular momentum number 

of    
 ⁄ , of which examples are 

1
H, 

13
C, 

15
N, 

19
F, 

31
P etc.    
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Chapter IV 

Results and Discussions: Part-I 

Raman, IR, and X-ray Diffraction Studies on BaReH9: High Volumetric 

Capacity Hydrogen Storage Material 

 

4.1. Introduction 

In recent years, hydrogen has been considered as a renewable energy source for 

automotive application to replace the air-polluting fossil fuels.
1
  One of the main 

challenge of hydrogen technology is posed by the large scale storage methods.
2
  Solid 

state metal hydrides are considered as promising candidates for hydrogen storage because 

they can store hydrogen under mild temperature and pressure giving us a safety 

advantage over gas or liquid storage methods.  Metal hydrides such as LiNiH5
3
 currently 

in the market are known as hydrogen-in-Metal systems because the hydrogen atoms are 

not bonded to any atom but occupy interstitial sites in the metal lattice.
4
  On the other 

hand, metal hydrides in hydrogen are bonded to a particular atom in the form of Mx[THy] 

where M= alkali or alkaline earth metal, T = transition metal, are called ternary metal 

hydride.   These types of hydrides are of great interest because they have M/H ratio 

greater than 2 and have been extensively studied
5-10

 since the first example of ternary 

metal hydride was reported in 1961 by Ginsberg et. al.
11

  BaReH9 has gained 

considerable interest due to high H/M ratios of 4.5 (134 g/liter) compared to hydrogen to 

hydrocarbon ration of H/C of 4 (methane).
6
 The [ReH9]

-2
 ion continues to captivate 

researchers because of its stability, unusually high oxidation state of rhenium metal (VII), 

D3h symmetry (tricapped trigonal prism).
12

  The crystal structure of BaReH9 at ambient 
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pressure and temperature adopts the hexagonal (P63/mmc) crystal structure was 

determined by Stetson et. al is shown in Figure 4.1.
13

    BaReH9 unit cell contains two 

formula units and the two [ReH9]
-2

 ions are in the D3h sites (shown if Figure 1).   If we 

consider heavy atoms only, the structure is similar to that of NiAs.  Several 

computational studies have been performed to study the electronic structure of BaReH9.  

Gupta and Orgaz investigated the electronic structure of BaReH9 using the augmented 

plane wave (APW) method showing that it is an insulator characterized by a direct energy 

band gap of 3.44 eV.
14

 Markopoulos et. al.
15

 DFT methods found the band gap as 3.85 

eV and Singh et al.
16

 determined a band gap of 3.58 eV noting that that the band bap 

might be underestimated.  Unusual pressure-induced structural phase transitions and 

hydrogen evolution behavior in BaReH9 was predicted by Markopoulos et. al.
15

 

 

 

Figure 4.1.  Representative hexagonal structure (P63/mmc) of BaReH9 at ambient 

pressure. 
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In this study, the hexagonal structure was predicted to be stable up to 4 GPa (P63/mmc) 

but distorts to a base-centered orthorhombic (Cmcm) structure which remains stable in 

the 4-35 GPa range. The evolution of discrete H2 molecules at 52 GPa along with 

polymeric [ReH7
2-

]n chains.  Particular attention is given to BaReH9 because of its 

potential metallization at high pressure in the same studies.    With this, and its potential 

as a high volumetric capacity hydrogen storage material, BaReH9 presents an ideal 

candidate for metal hydrogen studies. 

We can get insight on the effect of pressure on the metal-hydrogen bonding and 

the consequence on the hydrogen absorption and desorption.
17  

 The behavior of complex 

metal hydrides containing alkali and alkali earth metals under pressure has been widely 

studied, but only few studies involving transition metal hydrides have been reported.
18-20

  

In this chapter, high pressure studies of BaReH9 up to 20 GPa using Raman and IR 

spectroscopy, and x-ray diffraction up 110 GPa will be reported. 

4.2. Experimental  

A powder sample of BaReH9 was prepared at the University of Nevada, Reno by 

metathesis of the Na2ReH9 as described by Ginsberg et al.
21

 In a nutshell, a commercially 

available sodium perrhenate in dry ethanol was treated with sodium metal to give 

Na2ReH9 as a precipitate.  After washing the precipitate with 2-propanol and ether, the 

sample was dried under vacuum.  The dried product was dissolved in saturated Ba(OH)2, 

giving BaReH9.  The precipitate was recrystallized in cold ethanol and successively 

washed with 2-propanol and ether.  The reactions were performed in Schlenk lines and 
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vacuum lines and the products were manipulated in a glove box filled with inert 

atmosphere to exclude air and water.   

The sample was dried overnight at 80 °C under vacuum before it was hermitically 

packed under argon for transportation to the Geophysical Laboratory (GL) at the 

Carnegie Institution of Washington (CIW), Washington, DC where high-pressure Raman 

spectroscopy experiments were performed.  In an argon-filled glove box, the sample was 

loaded into the Mao-Bell-type diamond anvil cell (DAC) with a diamond culet size of 

300 μm.   No pressure- transmitting media was added to avoid possible reaction with the 

sample.  A Rhenium gasket of 100 μm thickness and 34 μm hole size held between two 

opposed type 1 diamonds served as the sample chamber.   

Ambient temperature compression data were collected in various pressure 

increments up to up to 21 GPa for Raman spectroscopy.  The pressure was determined 

using the R1 ruby (Cr
+3

-doped R-Al2O3) fluorescence system according to Equation 4.1: 

        
 

 
[{
   λ   

λ    
}    ]                                                  

where A=1904 GPa, B=7.665, ∆λ(T)=694.28 at 298 K and λ0(T) =∆λ for R1  for a given 

ambient pressure value.
22

  The pressure gradient was monitored using two ruby chips 

added in the sample.  Throughout this experimentation, line R1 and R2 were constantly 

resolved with a separation of approximately 29 cm
-1

, maintaining a reasonably quasi-

hydrostatic condition within the sample volume.  An Ar
+
 laser (Princeton Instruments) of 

wavelength 514.5 nm with a power of 0.456 W was used. Backscattered Raman spectra 

was collected using an imaging spectrograph (ISA HR460, 300 and 1500-grooves/mm 
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grating) equipped with a liquid nitrogen- cooled charge-coupled device (CCD)  detector 

with a 460 mm focal length f/5.3  with a resolution of 0.5 cm-1.   Calibration of the 

Raman scattering wavelength was accomplished using Neon lines providing an accuracy 

of 1 cm
-1

. Due to very high intensity Raman active modes near the first-order diamond 

peak at 1331 cm
-1

 would be impossible to resolve.  Therefore, an initial overall spectrum 

with 300 grooves/ mm grating was collected to help decide the peak position that would 

be monitored with the higher-resolution 1500 grooves/mm grating.    

Synchrotron x-ray studies were conducted at sector 16, HPCAT, advanced Photon 

Source (APS), Argonne National Laboratory at a wavelength of 0.41328 Ǻ and at 12.2.2 

beam line at Advanced Light Source (ALS), Lawrence Berkeley National Laboratory at a 

wavelength of 0.49590 Ǻ.  A Mar345 image detector was use and the diffraction data 

obtained was integrated using Fit2D.
23

  Unit cell parameters and volumes were calculated 

using GSAS-EPGUI software package.
24,25

   The pressure-volume data were fitted with 

3
rd

 order Birch-Murnaghan equation of state using EoSFit program.
26,27

 The synchrotron 

x-ray diffraction experiments at lower pressures (0 and 1.4 GPa) were performed at the 

12.2.2 beamline Lawrence Berkeley National Laboratory and higher pressures (3.3 to 

32.9 GPa) were performed at the HPCAT 16-IDB beamline at Argonne National 

Laboratory. 
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4.3. Results and Discussion 

A. Synchrotron X-ray Diffraction 

The synchrotron diffraction patterns of BaReH9 were refined with Rietveld analysis and a 

pattern at 0 GPa is shown in Figure 4.2. The lattice parameters and volumes of BaReH9 at 

room temperature and pressures up to 32.9 GPa were calculated.  

 

Figure 4.2. Results of Rietveld fitting of synchrotron x-ray diffraction pattern at 0 GPa. 

Only major peaks are indexed. 
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Figure 4.3. X-ray diffraction patterns of BaReH9 under different pressures obtained using 

300 µm culet diamond. 
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Figure 4.4. X-ray diffraction patterns of BaReH9 at different pressures obtained using 100 

µm culet diamond in a tungsten gasket. 
 

The initial hexagonal structure (P63/mmc) with lattice parameters a = 5.2882 Å and c = 

9.3225 Å   with a v = 113.110 Å
3
 at ambient temperature and pressure resulted in a 
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reduction of volume by 33.4 % with a lattice parameter a = 4.5735 Å and c = 8.3036 Å 

with a v = 75.209 Å
3 

at 32.9 GPa at 295K.   

Only major peaks were indexed for the x-ray diffraction pattern at 0 GPa and they were 

found to be in good agreement with previous report. The x-ray pattern at various 

pressures is shown in Figure 4.3.   The three observation that we can make from these 

results: a there is no new peaks, change of slope or discontinuity up to 110 GPa,  (b) the 

2-theta dependency on pressure shifts to the right and (c) peaks are characterized by 

broadening and reduction in intensity and only few can be observed at 110 GPa as shown 

in Figure 4.4. 

Interestingly, lack of new peak or transformations is indicative of the stability of 

hexagonal structure up to the studied pressure contrary to studies by Markopoulos et. al.
15 

  

The analysis of the x-ray data using GSAS shows pressure dependence of a and c and is 

shown in Figure 4.5.  The c axis reduces rapidly up to 10 GPa and starts to show 

deformation due to compression thereafter.  The v/vo decreases smoothly with increase in 

pressure as shown in Figure 4.4.  The slope of c/a changes between 15 and 30 GPa 

followed by a steep decline to1.81.  The effect of pressure on bond lengths (shortest 

distances) and bond angles was determined using Crystal Maker computer simulation 

program.  This data was generated using lattice parameters a and c and is shown in 

Figure 4.5.   
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Figure 4.5. x-ray diffraction analysis showing pressure dependence of a and c, variation 

for the c/a ratio with pressure, and v/vo dependence on pressure with a 33.4% volume 

decrease. 

 

The shortening of bond lengths by 11-20% with a resultant volume reduction to 33.4% is 

clearly a change in the volume primarily due to removal of free volume and compression 

of the Ba skeleton of the hexagonal structure. It is not due to the compression of the 

intermolecular bond lengths in [ReH9]
-2

 ion. 

It is interesting to note that the Re-H bond distance between two [ReH9]
2-

 units 

decreased from 2.246 to 2.069 Å by increasing the pressure from 0 to 17.9 GPa, with no 

further significant decreases up to 32.9 GPa.  A kink can be observed in the region 
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between 15 to 20 GPa of the H1-Re-H2 angle before dropping at 30 GPa.  Similar 

observation was made on Ba-Ba bond length which showed irregularity between 13.4 to 

32.9 GPa.  This can be attributed to orientation disorder due to steric effects caused by H-

H interaction.   The hydrogen atoms from the two rhenium units rearrange in such a way 

as to reduce the steric repulsion can also be accounted by change in H1-Re-H2 bond 

angle.  The H1-Re-H2 bond angle starts at 71.842° (15 GPa) to  71.871°(32.9 GPa).   

Once the strain is minimized, the hydrogen atoms return close to the starting H1-Re-H2 

bond angle as shown in Figure 4.6.   

Unusually short H-H bonding between (1.991 Å) and within (1.671 Å) [ReH9]
2-

 

units were calculated from a and c parameters.  This violates the minimum 2.1 Å H-H 

distance in metal hydrides required for stable hydride according to Switendick 

Criterion.
28-29

   The distances of BaReH9 at 0 GPa pressure are in good agreement with its 

closest analog, K2ReH9, which also violates the 2.1 Å rule by having an experimental H-

H separation distance of 1.87 Å.
12

  The pressure and volume data was fitted with 3th 

order Birch-Murnaghan equation of state (Eq. 4.2).   
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Figure 4.6. Effect of pressure on bond lengths and bond angles determined using Crystal 

Maker computer simulation program. 
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Figure 4.7.  Pressure-Volume data fitted with third order Birch-Murnaghan equation of 

state (solid line). 
 

Figure  4.7 shows the fit with a bulk modulus    = 23.9 ± 1.0 GPa and a pressure 

derivative   
  = 6.1 ± 0.4 GPa for experiments up to 33 GPa.  Pressure-volume data fitted 

with third order Birch-Murnaghan equation of state (solid line) for the mega bar 

experiment (up 110 GPa) are shown in Figure 4.8.  The fit shows a bulk modulus    = 

33.3 ± 0.01 GPa and a pressure derivative   
  = 3.1 ± 0.02 GPa. George et al.

18 
reported 

the experimental and theoretical bulk modulus of Mg2FeH6 to be 75.4 GPa and 76.3 GPa 

respectively.  Bassan et. al.
30

 used the assumption of linear correlation between 

vibrational frequencies and cubic unit lattice parameter to determine bulk modulus of 

K2PtCl6-type ruthenium hydrides.  They reported bulk modulus of 28.73 GPa for SrRuH6, 

18.8 GPa for Ca2RuH6 and 20.38 GPa for Eu2RuH6.   
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Figure 4.8. Pressure-Volume data fitted with third order Birch-Murnaghan equation of 

state (solid line) for the mega bar experiment (up 110 GPa). 

 

However, a bulk modulus of 67.6 GPa for Ca2RuH6  based on  first principle studies of 

Ca2RuH6 showed an underestimation using their previous method.
31

  Other manganese 

hydrides with bulk modulus ranging from 46-134 GPa have been reported
32

 and Mg2NiH4 

with bulk modulus of 43GPa.
33

 

B.  Raman and IR Spectroscopy 

Considering BaReH9 as D3h containing two [ReH9]
2-

 ions in its unit cell, at ambient 

conditions, the isolated ion has 24 vibrations in which 15 are H-Re-H bend modes
34

: 

  
        

                    
          

              

And 9 Re-H stretch modes: 

   
                   

             



66 
 

Table 4.1. Results of the linear fit and vibrational modes assignment of BaReH9 from 

experimental Raman data ambient pressure ωi and ai are the zero-pressure frequency and 

the linear pressure coefficient for the i
th

 mode, respectively. A bulk modulus of 23.9 GPa 

was used to obtain the mode Grüneisen parameters(γi) 
 

 

R indicates Raman active and IR for Infrared active, IA indicates inactive in both 

Raman and IR.  In this work, three stretch modes were observed at 932 cm
-1

, 990 cm
-1

 

and at 1037 cm
-1

 while one bending mode was observed at 1991 cm
-1

.  A list of these 

observed frequencies and their assignments for BaReH9 at 0 GPa is given in Table 4.1. 

The assignments of the modes are in good agreement with the work earlier 

reported by Parker et. al.
34

  Many allowed modes were not observed because there was 

little or no frequency, for example, the frequency v0 (711 br, w) was not observed in this 

work.   Pressure-dependent Raman spectra of the stretch and bending modes of BaReH9 

are shown in Figure 4.9.  The Raman spectra did not show any emergence of new peaks 

or significant Raman shifts with increase in pressure for the studied pressures.  The 

frequency of v2, v3, v4 modes notably increases as the pressure increases with exception of 

v1 which increases slightly.  A linear fit was required for all the Raman shifts of the four 

observed modes as a function of pressure.   
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Figure 4.9. Pressure induced Raman shifts of BaReH9 of both stretching (right) and 

bending (left) modes up to 20 GPa.  The intensity reduces and the peak broadens as the 

pressure increases. 



68 
 

 

Figure 4.10. Frequency Shift as a function of pressure for ν1, ν2, ν3, ν4 IR and Raman 

modes.  A linear fit was obtained for increasing pressure data. 

 

This result indicates the stability of the Re-H bond up to the studied pressures.  The 

intensity of all modes gradually dimishes and the peaks broaden with increasing pressure 

as indicated in Figure 4.7.  This behavior is also observed in IR spectroscopy as exhibited 

in IR absorbance as a function of pressure shown in Figure 4.11.   In general, IR modes 

exhibited pressure induced frequency shifts depicting bond become stiff upon 

compression. The IR stretching and bending modes were fitted using linear functions.  

The stretching modes v3 and v4 had slopes of 3.91 and 3.31 cm
-1

/GPa respectively.  The 

bending modes v1 and v2 had smaller slopes at 0.92 and 2.21 respectively as an 
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indication of less interaction with the unit cell during compression compared to the 

stretching modes  

Observation in Raman and IR data suggests a possible orientation disorder in the 

crystal as due to strain as pressure increases.   The increase in symmetrical Re-H 

stretching mode at 2000 cm
-1

 shows strengthening of the Re-H bond.   We speculate 

steric repulsion of H-H between two [ReH9]
2-

 ions starting at ~15 GPa.  The combination 

of IR, Raman, and X-ray suggests that BaReH9 is stable up to 32.9 GPa.   

 

 

Figure 4.11. IR spectra of BaReH9 collected at room temperature on compression in the 

spectral regions 500-2500 cm
-1

  in the pressure region 0.4-21.8 GPa. The vertical bar 

labels the scale of the absolute absorbance intensity with the pressures in GPa labeled for 

each spectrum.  The intensity reduces and the peak broadens as the pressure increases. 
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This is in good agreement with computation studies carried out by Markopoulos 

et. al although the distortion of NiAs structure to orthorhombic structure at 4 GPa was not 

observed.  The hexagonal structure (P63/mmc) remained stable for the studied pressures.   

Table 1 includes linear pressure coefficients (ai) extrapolated from Raman shift and 

pressure data using the express (Equation 4.3): 

                                                                                   

where ωi(P) is the i
th

 mode at pressure P and ωi(0) is the zero-pressure frequency.  The 

mode Grüneisen parameters (γi) of the i
th

 mode were subsequently extracted using 

Equation 4.4: 

   
    

     
                                                                          

 Where Bo is the bulk modulus of BaReH9.  Here, we use a value of Bo=23.9 GPa 

obtained using pressure and volume data fitted with 3
th

 order Birch Murnaghan equation 

of state in Eq. 4.2.  Decreases in intensity and shift to higher frequency of vibration band 

with increase in pressure indicate bond anharmonicity.  Pressure independent vibrational 

frequency are purely harmonic potential according Sherman model.
35-36

  The increase in 

pressure affects restoring forces by disrupting the equilibrium spacings between nuclei 

and distorting the electron clouds.
37

  Insensitivity of Re-H bending and stretching modes 

to lattice parameters is clearly indicated by the small Grüneisen parameters. This is 

supported by the x-ray data depicting that unit cell parameters and the volume decreased 

by 11-24% and by 33.4% respectively without affecting the Re-H bonds.  Barsan et. al. 
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reported higher librational mode Grüneisen parameters of Ru-H suggesting its 

dependence on the lattice parameters.
30

   

4.4. Conclusions 

Structural properties of hexagonal (P63/mmc) BaReH9 crystal from ambient to 

32.9 GPa showed a reduction of volume from 112.891 to 75.209Å
3
. A bulk modulus of 

   = 23.9 ± 1.0 GPa and a pressure derivative   
 = 6.1 ± 0.4 GPa was obtained for 

pressure and volume data up to 32.9 GPa.  A bulk modulus of    = 38.3 ± 0.01 GPa and 

a pressure derivative of   
  = 3.1 ± 0.02 GPa for pressure and volume data up to 110  GPa 

obtained by fitting pressure and volume data using 3
rd

 order Birch-Murnaghan equation 

of state.  The analysis of the x-ray data exhibited a possible orientation disorder in the 

crystal without any phase transformation in the studied pressures. Grüneisen parameters 

ranged from 0.0338 to 0.0552.  Raman and IR spectroscopy up to 21 GPa showed 

possible orientation disorder of the crystal starting at ~15 GPa due to H-H steric 

repulsion.  

 

 

 

 

 

 



72 
 

References 

1. Lynch, F. E., Metal Hydride Practical Applications. J. Less-Common Met. 1991, 

172, 943-958. 

2. Scott, D. S., Hydrogen - the case for inevitability. Int. J. Hydrogen Energy 2004, 

29, (3), 225-227. 

3. Gray, E. M.; Blach, T. P.; Buckley, C. E., Stability of the hydrogen absorption 

 and desorption plateaux in LaNi5-H - Part 5: H capacity. J. Alloy Compd. 1999, 

 293, 57-61. 

4. Fukai, Y., The Metal–Hydrogen System, Basic Bulk Properties, Springer  Series 

 in Materials Science. Springer-Verlag: Heidelberg, 2005; Vol. 21. 

5. Bronger, W.; Auffermann, G., New ternary alkali-metal-transition-metal 

 hydrides synthesized at high pressures: Characterization and properties. Chem. 

 Mater. 1998, 10, (10), 2723-2732. 

6. Yvon, K., Complex transition-metal hydrides. Chimia 1998, 52, (10), 613- 619. 

7. Yvon, K., Hydrogen in novel solid-state metal hydrides. Z. Kristallogr. 2003, 

 218, (2), 108-116. 

8. Auffermann, G.; Muller, P.; Bronger, W., Neutron scattering as a powerful 

 tool in solid state chemistry. Examples from the investigations in crystal 

 structures and properties of metal hydrogen and metal chalcogen compounds. 

 Z. Anorg. Allg. Chem. 2004, 630, (13-14), 2113-2124. 

9. Yvon, K.; Renaudin, G., 2
Ed

.; John Wiley: New York, 2005. 

10. Parker, S. F., Spectroscopy and bonding in ternary metal hydride complexes-

 Potential hydrogen storage media. Coordin. Chem. Rev. 2010, 254, (3-4), 215-

 234. 

11. Ginsberg, A. P.; Miller, J.; Koubek, E., Journal of American Chemical Society 

 1961, 83, 4909. 

12. Abrahams, S. C.; Ginsberg, A. P.; Knox, K., Inorg. Chem. 1964, 3, 558. 

13. Stetson, N. T.; Yvon, K.; Fischer, P., On the Structure of the Complex 

 Hydride BaReH9. Inorg. Chem. 1994, 33, (20), 4598-4599. 

14. Orgaz, E.; Gupta, M., Electronic structure of BaReH9. J. Alloy Compd. 1999, 

 295, 217-221. 



73 
 

15. Markopoulos, G.; Kroll, P.; Hoffmann, R., Compressing the Most Hydrogen-

 Rich Inorganic Ion. J. Am. Chem. Soc. 2010, 132, (2), 748-755. 

16. Singh, D. J.; Gupta, M.; Gupta, R., Cohesion of BaReH9 and BaMnH9: 

 Density functional calculations and prediction of [MnH9]
2-

 salts. Phys. Rev. 

 B 2007, 75, (3), 

17. Fukai, Y., J. Alloys Comp. 1995, 231. 

18. George, L.; Drozd, V.; Durygin, A.; Chen, J. H.; Saxena, S. K., Bulk modulus 

 and thermal expansion coefficient of mechano-chemically synthesized 

 Mg2Fe6 from high temperature and high pressure studies. Int. J.Hydrogen Energy 

2009, 34, (8), 3410-3416. 

19. Gilson, D. F. R.; Barsan, M. M.; Moyer, R. O.; Butler, I. S., Pressure 

 dependence of the Raman spectra of salts of hexahydridoruthenate(II), 

 M2RuH6 (M = Ca, Sr, Eu) and their deuteride analogues. J. Alloy Compd.  2006, 

 424, (1-2), 73-77. 

20. Daku, L. M. L.; Hagemann, H., First-principles study of the pressure 

 dependence of the structural and vibrational properties of the ternary metal 

 hydride Ca2RuH6. Phys Rev B 2007, 76, (1). 

21. Ginsberg, A. P.; Sprinkle, C. R., Transition Metal-Hydrogen Compounds .4. 

 Improved Synthesis of Enneahydridorhenates - Sodium and 

 Tetraethylammonium Salts of [ReH9]
2-

. Inorg Chem 1969, 8, (10), 2212-&. 

22. Gillet, P.; Hemley, R. J.; McMillan, P. F.; , Rev. Mineral. 1998, 37, 525-581. 

23. Hammersley, A. P. ESRF Internal Report ESRF97HA02T; European 

 Synchrotron Radiation Facility: Grenoble, France, 1997. 

24. Toby, B. H., EXPGUI, a graphical user interface for GSAS. J Appl 

 Crystallogr 2001, 34, 210-213. 

25. Larson, A. C.; Dreele, R. B. V. General Structure Analysis System (GSAS). 

 Los Alamos National Laboratory Report LAUR 86-784;; Los Alamos National 

 Laboratory: Los Alamos, NM, 2004. 

26. Birch, F., Finite Strain Isotherm and Velocities for Single-Crystal and 

 Polycrystalline Nacl at High-Pressures and 300-Degree-K. J Geophys Res  1978, 

 83, (Nb3), 1257-1268. 

27. Angel, R. J., Equations of state. Rev Mineral Geochem 2000, 41, 35-59. 



74 
 

28. Switendick, A. C., Band-Structure Calculations for Metal Hydrogen Systems. 

 Zeitschrift Fur Physikalische Chemie-Wiesbaden 1979, 117, 89-112. 

29. Rao, B. K.; Jena, P., Switendick Criterion for Stable Hydrides. Phys. Rev. B 

 1985, 31, (10), 6726-6730. 

30. Barsan, M. M.; Jr, R. O. M.; Butler, I. S.; Gilson, D. F. R., Pressure 

 dependence of the Raman spectra of salts of hexahydridoruthenate(II), 

 M2RuH6 (M ¼ Ca, Sr, Eu) and their deuteride analogue. J. Alloys Compd.  2006, 

 424, 73-77. 

31. Daku, L. M. L.; Hagemann, H., First-principal study of the pressure 

 dependences of the structural and vibrational properties of the ternary metal 

 hydride Ca2RuH6. Phys. Rev. B 2007, 76, 014118. 

32. Filipek, S. M.; Sugiura, H.; Paul-Boncour, V.; Wierzbicki, R.; Liu, R. S.; 

 Bagkar, N., J. Phys. Conf. Ser. 2008, 121 022001. 

33. Ronnebro, E.; Fukai, Y.; Yamamoto, S.; Sakai, T., Phase transformations of 

 Mg2NiH4 at high-pressure thermal treatment. J. Alloys Compd. 2004, 385,  276-

 282. 

34. Parker, S. F.; Refson, K.; Williams, K. P. J.; Braden, D. A.; Hudson, B. S.; 

 Yvon, K., Spectroscopic and ab initio characterization of the [ReH9]
2-

 Ion.  Inorg 

Chem 2006, 45, (26), 10951-10957. 

35. Sherman, W. F., J Phys. C: Solid. State. Phys. 1980, 13, 4601-39. 

36. Sherman, W. F., J. Phys. C: Solid State Phys 1982, 15. 

37. Lucazeau, G., Effect of pressure and temperature on Raman spectra of solids: 

 anharmonicity. J. Raman Spectroscopy 2003, 34, 478-496. 

 

 

 

 

 



75 
 

Chapter V 

Results and Discussions: Part-II 

High Pressure Studies on Na2ReH9 and K2ReH9 
 

5.1.  Introduction 

 Ternary metal hydrides, Mn[THx], an interesting class of homoleptic hydrido solid 

state complexes that consist of M from alkali or alkali earth metal and the hydride bonded 

to a transition metal.  The first example of ternary metal hydride was K2ReH9 reported in 

1961 by Ginsberg et. al.
1
  Inelastic neutron diffraction revealed that this compound had a 

hexagonal (p-61m) crystal structure.  Its structure was interesting in that it contained a 

characteristic [ReH9]
-2

 ion where hydrogen ligands were coordinated around the central 

rhenium atom, giving the ion a tricaped trigonal prism
2
.   The complex had an unusual 

high oxidation state of +7 and also contains high symmetry of D3h. Its discovery ignited 

intense research to synthesize and characterize novel ternary metal hydrides.
3-7

  These 

metal hydrides have been considered as potential hydrogen storage material for on-board 

vehicular applications because they absorb hydrogen up to a H/M ratio of 2.
8
  Notably, its 

closely  related BaReH9 synthesized and characterized by Yvon and coworkers in 1994
9
 

has the highest known H/M ratio of 4.5. Few computational studies have been performed 

to study the electronic structure of electronic structure of [ReH9]
2-

 ion.
10-12

  Gupta and 

Organ
10

 calculated the electronic structure of BaReH9 using the augmented plane wave 

(APW) method revealing direct energy band gap of 3.44 eV. Singh et al.
11

 determined a 

gap of 3.58 eV noting that that the band bap might be underestimated.  Hoffman et. al.
12 

DFT methods  found the band gap as 3.85 eV.   These studies predicted unusual pressure-
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induced structural phase transitions and hydrogen evolution behaviors in BaReH9. The 

evolution of discrete H2 molecules at 52 GPa along with polymeric [ReH7
2-

]n chains was 

also noted.  Particular attention was given to BaReH9 because of its potential 

metallization of high pressure due to its precompression.
12

  We can get insight in the 

effect of pressure on the metal-hydrogen bonding and the consequence on the hydrogen 

absorption and desorption.
13-14

 Rönnebro et al. have synthesized and studied structural 

changes MgNiH4 at pressures up to 5.6 GPa
13, 15-16

 Dimagnesium iron hydride (Mg2FeH6) 

is widely studied because it has the highest volumetric density of hydrogen (~ 150 kgH2 

m
-3

) among all the hydrides investigated having a gravimetric hydrogen density of 5.4 

wt.
17-19 

 

In this chapter, high pressure Raman spectroscopy and x-ray diffraction study of 

Na2ReH9 and K2ReH9 up to 20 GPa.  We have obtained the first results of pressure-

induced phase transitions and investigated the vibrational behavior of the [ReH9]
2-

 anion 

complex at higher pressures in a diamond anvil cell (DAC).  . 

5.2.  Methods and Analysis 

5.2.1. Synthesis of  Na2ReH9 and K2ReH9 complexes 

Na2ReH9 and K2ReH9 complexes were prepared at the University of Nevada, 

Reno as described by Ginsberg et al.
20

 In summary, a commercially available sodium 

perrhenate stirring in dry ethanol was treated with sodium metal resulting in Na2ReH9 as 

a precipitate.  After washing the precipitate with 2-propanol and ether, the sample was 

dried under vacuum.  The dried product was dissolved in saturated Ba(OH)2 and followed 

by K2SO4 giving K2ReH9.  The precipitate was recrystallized in cold ethanol and 
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successively washed with 2-propanol and ether.  These compounds are extremely 

moisture and air sensitive and therefore all reactions were performed in a Schlenk lines 

and vacuum lines and the product were manipulated in a glove box filled with inert 

atmosphere. 

5.2.2. Raman spectroscopy 

The sample was dried overnight at 80 °C under vacuum before it was hermitically 

packed under argon for transportation to the Geophysical Laboratory (GL) at the 

Carnegie Institution of Washington (CIW), Washington, DC where high-pressure Raman 

spectroscopy experiments were performed.  In an argon-filled glove box, the sample was 

loaded into the Mao-Bell-type diamond anvil cell (DAC) with a diamond culet size of 

300 μm.   No pressure- transmitting media was added to avoid possible reaction with the 

sample.  A rhenium gasket of 100 μm thickness and 34 μm hole size held between two 

opposed type 1 diamonds served as the sample chamber.   

Ambient temperature compression data were collected in various pressure 

increments up to up to 21 GPa for Raman spectroscopy.  The pressure was determined 

using the R1 ruby  (Cr
+3

-doped R-Al2O3) fluorescence system according to 

P(GPa)=A/B[{1+∆λ(T)/ λ0(T)}B-1] where A=1904 GPa, B=7.665, ∆λ(T)=694.28 at 298 

K and λ0(T) =∆λ for R1  for a given ambient pressure value.  The pressure gradient was 

monitored using two ruby chips added in the sample.  Throughout this experiment lines 

R1 and R2 were constantly resolved with a separation of approximately 29 cm
-1

, 

maintaining a reasonably quasi-hydrostatic condition within the sample.  An Ar+ laser of 

wavelength 635 nm with a power of 0.456 W was used. Backscattered Raman spectra 
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was collected using an imaging spectrograph (ISA HR460, 300 and 1800-grooves/mm 

grating) equipped with a liquid nitrogen-cooled charge-coupled device (CCD)  detector 

with a 460 mm focal length f/5.3  with a resolution of 0.5 cm
-1

.  Calibration of the Raman 

scattering wavelength was accomplished using Neon lines providing an accuracy of 1 cm
-

1
.  Due to very high intensity Raman active modes near the first-order diamond peak at 

1331 cm
-1

 would be impossible to resolve.  Therefore, an initial overall spectrum with 

300 grooves/mm grating was collected to help decide the peak position that would be 

monitored with the higher-resolution 1800 grooves/mm grating.    

5.2.3. X-ray diffraction 

High resolution synchrotron X-ray studies were conducted at high pressure at 

12.2.2 beamline at Advanced Light Source (ALS), Lawrence Berkeley National 

Laboratory at a wavelength of 0.49590 Ǻ.  The x-ray diffraction patterns were obtained 

using a MAR345 image plate at diffraction data obtained was integrated using Fit2D.
21

   

GSAS-EPGUI software package was used to refine unit cell parameters and volumes.
22

  

The bulk modulus and the pressure derivative were determined by fitting the pressure-

volume data with 3
rd 

order Birch-Murnaghan equation of state using EosFit program.
23-24

  

5.3. Results and Discussion 

5.3.1. Raman Spectroscopy of Na2ReH9 and K2ReH9 at Ambient condition  

 Full assignment of Na2ReH9 and K2ReH9 Raman modes at ambient condition 

was completed in order to deduce the pressure-induced transformations.  Only two 

vibrational spectroscopy studies on Na2ReH9 and K2ReH9 are reported in the 

literature.  IR studies were reported in 1969 by Ginsberg et al.
20

 and a 1972 Neutron 
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Scattering spectroscopy study by White et. al.
25

 which were later summarized by 

Parker in a recent paper
26

.  The isolated [ReH9]
-2

 ion has face –capped trigonal prism 

(D3h) symmetry with 24 vibrations in which 9 are Re-H stretch modes: 

   
                   

             

and 15 are H-Re-H bend modes: 

  
        

                                                 

    
                                           

              

R indicates Raman active and IR Infrared active. For the first time, high resolution 

Raman spectroscopy from 600 to 2200 cm
-1

 was obtained providing Raman features of 

Na2ReH9.  Raman spectroscopy of K2ReH9 at ambient conditions has been previously 

reported by but included here for comparison purposes.  Many allowed modes were not 

observed because they little or no frequency.  The background from all raw data spectral 

data was removed and the peak fitted using PeakFit computer software.  The Raman 

spectra at ambient conditions are shown in Figure 5.1 and Figure 5.2   

The unit cell contains two formula [ReH9]
2-

 ion units each occupying D3h sites. The 

spectra show little or no indication of factor-group splitting in stretching modes of the 

[ReH9]
-2

 ion therefore, we assumed that the spectrum is due to an isolated [ReH9]
2-

 ion.  

DFT calculations shows that an in-phase (g) and an out-of-phase (u) mode at the Γ-point 

due to factor-group splitting results is usually 10 cm
-1

 or less. The movement of ions in 

the same direction causes the splitting disappears at the A-point.
27

 In our experiments, 

only stretching and bending internal modes were observed and are due to Re-H bonds.  
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Both Na2ReH9 and K2ReH9 have one singlet bending mode at 986 cm
-1 

and 1005 cm
-1

 

respectively.  A sharp peak is due 957 cm
-1

 is a background noise in the data.  The Raman 

stretching modes are very similar for both compounds.  The Na2ReH9 frequencies are 

1876 cm
-1

, 1919 cm
-1

, 1951 cm
-1

 and 1972 cm
-1

 while K2ReH9 has frequencies at 1800 

cm
-1

, 1898 cm
-1

, 1964 cm
-1

 and 1994 cm
-1

.  Fewer modes on the Raman spectra were 

observed as a result of high degeneracy of some vibrational modes and also the principle 

of mutual exclusion.  The stretching and bending modes of Na2ReH9 have slightly lower 

frequency compared to those of K2ReH9 is an indication of a stronger Re-H bond.  

 

Figure 5.1. Raman spectrum of Na2ReH9 at ambient condition. 
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Figure 5.2. Raman spectrum of K2ReH9  at ambient condition. 

5.3.2. Vibration spectroscopy at high pressure 

5.3.2.1. Raman Spectroscopy on K2ReH9 

  Transformations of Re-H bond induced by pressure provide an insight on its 

strength which is important in understanding the mechanism of releasing hydrogen.  

While the high pressure structural behavior of alkali and alkaline earth metal complex 

metal hydride is widely investigated, only two studies of transition metal hydrides have 

been reported.
19,28-29
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Figure  5.3. Pressure-dependent Raman spectra for K2ReH9 stretch mode during 

compression (left) and decompression (right).  
 

Raman spectra at various pressures in the region of Re-H stretching (800  cm
-1

 to 1200 

cm
-1

) and bending (1800 – 2300 cm
-1

) mode collected during compression and 

decompression are shown in Figure 5.3.  The spectra of stretching mode shows no change 

from 0.0 - 7.7 GPa but the Raman vibration increases in pressure.   
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Figure 5.4. Pressure-dependent Raman spectra for K2ReH9 bending mode during 

compression (right) or decompression (left). The spectrum shows a split of bending mode 

at 9.6 GPa.  The peak denoted with (*) is due to background. 

 

The stretch mode peak disappears and splits into two new modes at 9.6 - 14.9 

GPa, clear evidence for a phase transition. The decompression data show that the phase 

transition is reversible.   
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Figure 5.5. Raman shift of Re-H bending (top) and stretching (bottom) modes for as a 

function of pressure.   The dotted line is an approximation of phases. 
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  The Raman spectra also show a frequency shift at 17.5 GPa up to the end of the 

experiment (Figure 5.5).  The original bending modes merge into a single peak at 9.6 - 

14.4 GPa and three new modes (2066 cm
-1

, 2099 cm
-1

, and 2129 cm
-1

) emerge at 17.3 

GPa  and persist through 20.6 GPa.  The changes in Raman spectra are exemplified in the 

Raman Shift vs. Pressure graph in Figure 5.6.  The transformation of the shown in the 

Raman vibrational frequencies as a function of pressure (dν/dP) for Re-H stretching 

modes during compression of K2ReH9 is given in Table 5.1. There is a significant 

reduction of the slope as the pressure increase exhibit a strong pressure dependence 

(dν/dP = 8-10 cm
-1

/GPa) becoming less manifested at higher pressure (dν/dP = 8-10 cm
-

1
/GPa)-1.8 -2.3).  The stretch modes show a broadening and an increase in intensity up to 

9.6 GPa before decreasing from there on as a function of pressure.  In contrast the bend 

mode inhibits an increase in intensity with increase in pressure but dimished intensity at 

only 9.6 GPa.     

5.3.2.2. High Pressure Raman Spectroscopy on Na2ReH9 

Figure 5.5 shows Raman spectra at various pressures in the region of Re-H bending (800 

- 1200 cm
-1

) and stretching (1800 - 2300cm
-1

) mode collected during compression of 

Na2ReH9. Visual inspection of the Na2ReH9 shows no change in bending mode region 0.0 

- 6.7 (Figure 5.6) GPa but the Raman vibration increase with increase with pressure.  We 

note a shift in Raman vibrational frequency and a split into two new peaks (1055.7 cm
-1

 

and 1093.15 cm
-1

).  The two peaks merge and a new peak arises at 17.3 GPa.  Similarly, 

the stretching mode shows an increase in intensity up to 8.4 GPa and the four original 

vibrational frequencies disappear, giving rise to one peak at 10.2-14.6 GPa.   
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The peaks start to broaden and split to two peaks at 18.3 GPa.  The Raman Shift as a 

function of pressure indicates the transformations due to pressure as shown in Figure 5.7.   

 

Figure 5.6.  Raman spectra of Na2ReH9 showing Re-H stretching and bending modes 

during compression up to 20 GPa.  The peak marked with asterisk (*) is due to 

background. 
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Figure 5.7.  Raman shift of Re-H bending (top) and stretching (bottom) modes for 

Na2ReH9 as a function of pressure.   The dotted line is an approximation of phase. 
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Table 5.1.The dependency of Raman vibrational frequency of Re-H bond on pressure in 

both Na2ReH9  and K2ReH9 

 

5.3.2.3. Comparing Na2ReH9 and K2ReH9 vibrational spectroscopy 

The vibrational spectroscopy of Na2ReH9 and K2ReH9 under high pressure shows 

similarity in behavior both in bending and stretching regions. All modes shift to higher 

frequencies as the pressure increases.  We can deduce meaningful information regarding 

phase change and structural transformation from the pressure-induced  

A Raman spectrum features such as intensity, line broadening and mode splitting.  The 

Raman data exhibit three distinct regions of pressure dependencies.  The bending mode 

of Na2ReH9 is more susceptible to pressure compared to the same mode from K2ReH9.  

This is depicted by the dramatic change in slope (d /dP)  from 8.2 (0-9.6GPa) to 0.3 and 

0.5 cm
-1

/GPa (12.7-14.9 GPa) to 0.6 and 0.5 cm
-1

/GPa (17.5 - 20.9 GPa) for K2ReH9. A 

smaller decrease in slope from 6.5cm
-1

/GPa (0.4-8.4GPa) to 5.9 cm
-1

/GPa (10.2-14.6 

GPa) to 3.9 cm
-1

/GPa (18.3-20.2 GPa) is observed for Na2ReH9 as shown in Table 5.1.  

We suspect that intermolecular H-H interaction between two [ReH9]
-2

 units cause 

destabilization of the structure at ~9 GPa and also at ~18 GPa.  The repulsive 

contribution due to H-H interaction is thought to cause change in molecular conformation 
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of [ReH9]
-2

 ions resulting in a phase change.  Conceivably, as the pressure increases, the 

ions rearrange to relieve this repulsion.   The splitting of a singlet bending mode to a 

doublet in both Na2ReH9 and K2ReH9 is consistent with a reduction in crystal symmetry. 

The line broadening observed above 9 GPa continuing through the entire experiments 

could be attributed to two effects. (i) Non-hydrostatic compression and (ii) 

reconfiguration of [ReH9]
-2

 ions resulting to disorder in the crystal.  Line broadening is 

more pronounced at higher pressure i.e. above 18 GPa.  In our experiments, no pressure 

transmitting media was used to avoid any reaction.   

 5.3.3. High Pressure X-ray diffractions of  K2ReH9 

The synchrotron diffraction patterns of K2ReH9 refined with Rietveld analysis and 

patterns at 0-19.6 GPa are shown in Figure 5.7. Only major peaks from 4-11° 2 theta are 

included.  At 0 GPa, K2ReH9 adopts a hexagonal structure (p-61m) with lattice 

parameters a = 9.5847 Å (± 0.001) and c = 5.53183 Å (± 0.0014) with a v = 220.053 (± 

0.036) Å
3
 for Z=1. The number of molecules per unit cell (Z) of this phase is 2 and the 

corresponding unit cell volume 440.106 (± 0.07) Å
3
.  The x-ray diffraction pattern at 0 

GPa and found to be in good agreement with previous report by Ginsberg et al.   

Compression resulted in a 34% reduction in volume with a lattice parameter a = 8.5422 Å 

(± 0.002) and c = 4.5827 Å (± 0.033) and v=144.7976 Å3 (± 2.8569) at 19.6 GPa at 

295K.  The hexagonal structure is stable up to 8.2 GPa but a new peak (*) emerges at 11 

GPa.   
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Figure 5.8.  Representative X-ray diffraction patterns of K2ReH9 at various pressures up 

to 19.6 GPa obtained using wavelength of 0.4959 Å. 
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Planes 110 and 101 reverse in intensity with 101 becoming more intense.  This is an 

indication of phase transformation starting approximately at 9 GPa.  At 16.9 GPa, the 

cluster of planes (300, 002 and 211) disappears and only a small 110 peak remains, which 

exhibits another phase transformation.  This new phase persists until the end of the 

experiments.  A Sudden drop intercity at 18.2 GPa was caused by a significant increase in 

gold diffraction used as a pressure marker masking the K2ReH9 phase.  As the pressure 

increases, the x-ray peaks are characterized by broadening and reduction in intensity.  

The dependency of 2-theta on pressure is illustrated by peak shifting to the right during 

compression. The analysis of the x-ray data using GSAS shows pressure dependence of 

lattice parameters a and c a shown in Figure 5.8.    The lattice parameter a and c shorten 

by approximately 10% is consistence with volume reduction to 34%.  This change is 

characteristic of free volume removal due to compression of potassium skeleton of the 

hexagonal structure and is certainly not due to compression of intermolecular Re-H bond 

lengths in [ReH9]
-2

 ion.   

The x-ray diffraction data confirms the change in Raman and IR spectroscopy.  A 

phase transformation was observed at ~9 GPa and also at ~18 GPa.  The change suggests 

H-H interaction between the two [ReH9]
-2

 in the unit cell caused by steric effects.   
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Figure 5.9. Pressure dependence of a and c. and c/a ratio with pressure.  
 

A third-order Birch–Murnaghan equation of state (Egos)
24

fit of unit cell volume change 

with pressure (Figure 5.9) yields: 
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Where the bulk modulus B0 = 30.78 ± 0.25 GPa and a pressure derivative   
  = 4 

± 0.8 GPa for experiments up to 19.6 GPa.  Only a handful of high pressure stability 

studies have been determined on transition metal hydrides.  In the previous, a chapter, the 

bulk modulus of BaReH9 was reported to be 23.8 GPa.  The experimental and theoretical 

bulk modulus of Mg2FeH6 has been reported by George et al. to be 75.4 GPa and 76.3 

GPa respectively.
19

  Manganese hydrides with bulk modulus ranging from 46-134 GPa 

have been reported and Mg2NiH4 with bulk modulus of 43GPa.
13
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Figure 5.10.  Pressure-Volume data fitted with third order Birch-Murnaghan equation of 

state (solid line) of K2ReH9. 

 

With an assumption of linear correlation between vibrational frequencies and 

cubic unit lattice parameter to determine bulk modulus, Bassan et. al. were able to 

determine the bulk modulus of K2PtCl6-type ruthenium hydrides.
28

  The SrRuH6 had bulk 

modulus of 28.73 GPa, 18.8 GPa for Ca2RuH6 and 20.38 GPa for Eu2RuH6.  However, 

Ca2RuH6 bulk modulus (67.6 GPa) obtained using first principle studies demonstrated an 

underestimation using their previous method.  

5.3.4. High Pressure X-ray diffractions of  Na2ReH9 
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Figure 5.11. Representative x-ray diffraction patterns of Na2ReH9 at various pressures up 

to 18 GPa obtained using wavelength of 0.4959  . 
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The x-ray diffraction patterns for Na2ReH9 at various pressures up to 18.1 GPa were 

collected and are shown in Figure 5.11. At 0 GPa, the diffraction peaks matched with 

pattern previous reported by Ginsberg although complete indexing was not completed 

and the space group and lattice constants of Na2ReH9 are unknown.   

5.4. Conclusions 

In-situ Raman spectroscopy and x-ray diffraction have been carried out to study the 

pressure-phase transition of Na2ReH9 and K2ReH9.  Both bending and stretch modes 

revealed pressure dependency  exhibiting splitting, emergent of peaks, and broadening of 

peaks for both metal hydrides. Phase transitions observed at ~ 9 GPa and at 15 GPa using 

Raman spectroscopy show a reversible phase transformation  and possible crystal 

disorder due to H-H interaction as two [ReH9]
-2

 get closer to each other at high pressure.  

 

 

 

 

 

 

 

 



96 
 

References 

1. Ginsberg, A. P.; Miller, J. M.; Koubek, E., Transition Metal-Hydrogen 

Compounds. I. Dipotassium Octahydridorhenate(VI). J.  Am. Chem. Soc. 1961, 

83, 4909. 

2. Abrahams, S. C.; Ginsberg, A. P.; Knox, K., X-Ray Determination of the Crystal 

Structure of Potassium Rhenium Hydride. Inorg. Chem. 1964, 3, 558. 

3. Bronger, W.; Auffermann, G., New ternary alkali-metal-transition-metal hydrides 

synthesized at high pressures: Characterization and properties. Chem. Mater. 

1998, 10, (10), 2723-2732. 

4. Yvon, K., Complex transition-metal hydrides. Chimia 1998, 52, 613-619. 

5. Yvon, K., Hydrogen in novel solid-state metal hydrides. Z. Kristallogr. 2003, 218, 

108-116. 

6. Auffermann, G.; Muller, P.; Bronger, W., Neutron scattering as a powerful tool in 

solid state chemistry. Examples from the investigations in crystal structures and 

properties of metal hydrogen and metal chalcogen compounds. Z. Anorg. Allg. 

Chem. 2004, 630, (13-14), 2113-2124. 

7. Yvon, K.; Renaudin, G., 2 ed.; John Wiley: New York, 2005. 

8. Schlapbach, L., Potential Hydrogen Storage: Hydrogen in Intermetallic 

 Compounds II. Springer: 1992; Vol. 67. 

9. Stetson, N. T.; Yvon, K.; Fischer, P., On the Structure of the Complex 

 Hydride BaReH9. Inorg. Chem. 1994, 33, (20), 4598-4599. 

10. Gupta, M.; Orgaz, E., Electronic structure of BaReH9. J. Alloy Compd. 1999, 

 293, 217-221. 

11. Singh, D. J.; Gupta, M.; Gupta, R., Cohesion of BaReH9 and BaMnH9: Density 

functional calculations and prediction of [MnH9]
2-

 salts. Phys. Rev.  B 

2007, 75, (3). 

12. Hoffmann, R.; Markopoulos, G.; Kroll, P., Compressing the Most Hydrogen-

 Rich Inorganic Ion. J. Am. Chem Soc. 2010, 132, (2), 748-755. 

13. Fukai, Y.; Yamamoto, S.; Ronnebro, E.; Chen, J.; Sakai, T., Structural 

 changes of Mg2NiH4 under high hydrogen pressures. J. Alloy Compd. 2003, 

 356, 697-700. 



97 
 

14. Fukai, Y., Formation of superabundant vacancies in metal hydrides at high 

 temperatures. J. Alloys Comp. 1995, 231. 

15. Ronnebro, E.; Fukai, Y.; Yamamoto, S.; Sakai, T., Phase transformations of 

 Mg2NiH4 at high-pressure thermal treatment. J. Alloy Compd. 2004, 385, (1-

 2), 276-282. 

16. Ronnebro, E., High-pressure techniques for discovering and re-hydrogenation 

 of metal hydride materials. J. Phys. Chem. Solids 2010, 71, (8), 1154-1158. 

17. Bogdanovic, B.; Reiser, A.; Schlichte, K.; Spliethoff, B.; Tesche, B., 

 Thermodynamics and dynamics of the Mg-Fe-H system and its potential for 

 thermochemical thermal energy storage. J. Alloy Compd. 2002, 345, (1-2), 77-

 89. 

18. Reiser, A.; Bogdanovic, B.; Schlichte, K., The application of Mg-based metal-

 hydrides as heat energy storage systems. Int. J. Hydrogen Energ. 2000, 25, (5), 

 425-430. 

19. George, L.; Drozd, V.; Durygin, A.; Chen, J. H.; Saxena, S. K., Bulk modulus and 

thermal expansion coefficient of mechano-chemically synthesized  Mg2FeH6 from 

high temperature and high pressure studies. Int. J. Hydrogen Energy 2009, 34, (8), 

3410-3416. 

20. Ginsberg, A. P.; Sprinkle, C. R., Transition Metal-Hydrogen Compounds.  IV. 

 Improved Synthesis of Enneahydridorhenates : the Sodium and 

 Tetraethylammonium Salts of [ReH9]
2-

. Inorg. Chem. 1969, 8, 2212-2214. 

21. Hammersley, A. P. ESRF Internal Report ESRF97HA02T; European 

 Synchrotron Radiation Facility: Grenoble, France, 1997. 

22. Toby, B. H., EXPGUI, a graphical user interface for GSAS. J. Appl. 

 Crystallogr. 2001, 34, 210-213. 

23. Angel, R. J., Equations of state. Rev Mineral Geochem. 2000, 41, 35-59. 

24. Birch, F., Finite Strain Isotherm and Velocities for Single-Crystal and 

 Polycrystalline NaCl at High-Pressures and 300-Degree-K. J. Geophys. Res. 

 1978,  83, (Nb3), 1257-1268. 

25. White, J. W.; Wright, C. J., Internal Vibrations and Hindered Rotation of 

 [ReH9]
2-

 by Neutron-Scattering Spectroscopy. J. Chem. Soc. Farad. T 2 1972, 

 68,  1414-&. 

26. Parker, S. F., Spectroscopy and bonding in ternary metal hydride complexes-

 Potential hydrogen storage media. Coordin. Chem. Rev. 2010, 254, (3-4), 215-

 234. 



98 
 

27. Parker, S. F.; Refson, K.; Williams, K. P. J.; Braden, D. A.; Hudson, B. S.; Yvon, 

K., Spectroscopic and ab initio characterization of the [ReH9]
2-

 Ion.  Inorg. Chem. 

2006, 45, (26), 10951-10957. 

28. Gilson, D. F. R.; Barsan, M. M.; Moyer, R. O.; Butler, I. S., Pressure dependence 

of the Raman spectra of salts of hexahydridoruthenate(II),  M2RuH6 (M = Ca, Sr, 

Eu) and their deuteride analogues. J. Alloy Compd.  2006, 424, (1-2), 73-77. 

29. Daku, L. M. L.; Hagemann, H., First-principles study of the pressure 

 dependence of the structural and vibrational properties of the ternary metal 

 hydride Ca2RuH6. Phys. Rev. B 2007, 76, (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 
 

Chapter VI 

Results and Discussions: Part-II 

Synthesis and Characterization of Na2ReD9 and BaReD9 
 

6.1. Introduction 

Over the past few years,  extensive research  has been carried out to find a suitable 

hydrogen storage materials as a viable alternative energy as prescribed by the U.S. 

Department of Energy (DOE).
1
  However, there are several factors to consider for the 

implementation of a hydrogen and pollution-free transportation system.  These include a) 

an efficient method of hydrogen generation, b) hydrogen delivery infrastructure, c) 

reliability and safety of on-board hydrogen storage and d) development of low-cost fuel 

cell.
2-3

 To date, this remains a challenge and no single material so far has matched all the 

criteria to be used as an efficient energy carrier.  Storage of hydrogen in solid state is so 

far though to be the best option for a safe and long-term solution.
4
  Complex Transition 

metal hydride is a promising king of solid state hydrogen storage.   Complex transition 

metal hydrides are an unusual class of solid state consisting of anionic homoleptic 

hydrido complexes [THx]
m-

 stabilized by  alkali, alkaline earth, rare earth cations.
5-8

 The 

hydridic H is covalently bonded to T of complex anions [THx]
m-

, forming a wide range  

of coordination numbers and geometries.
9
  Since the synthesis of K2ReH9 in 1964

10
, quite 

a number of homoleptic transition metal hydrometalates have been prepared and 

extensively studied by Yvon in Geneva, Switzerland,
5, 11-12

 and Bronger in Aachen, 

Germany
13-15

.  Various methods have been employed for the preparation of complex 



100 
 

transition metal hydrides.  Bronger et. al
14

 have utilized autoclave techniques to prepare 

hydrides by  hot sintering active metal hydrides with the corresponding transition metal 

in a hydrogen atmosphere.
14

   Diamond anvil cells (DACs) have been used to 

conveniently reach pressures up to 10 GPa.  The problem with using DACs is the 

limitation of the sample size and the difficulties associated with loading elemental H2.
16

  

New ternary metal hydrides were synthesized with high pressure between  2–6  GPa and 

temperatures up to 500 using 6–8 multi-anvil-type machine.
17

  Mao et al. have reported 

the synthesis of binary hydrides using DAC.
18-19

  Similarly Strobel et al. have recently 

reported preparation of  GeH4(H2)2 at 7.5 GPa.
20

 

Ball milling has been widely employed to prepare solid state hydrogen storage 

materials.  A good example is the synthesis of Mg2FeH6 through ball milling.  Mg2FeH6 

has the highest known volumetric density of hydrogen (150 kgH2m
-3

) among all the 

hydrides and, has been extensively investigated by various groups.
21-23

   

Finally, the classical wet method of metal hydride synthesis remains a viable route for 

preparation of complex transition metal hydrides.  It started with the synthesis of K2ReH9 

in 1964 by Ginsberg et al.
10

 and extended by Stetson et al.
24-25

 for producing analogs of 

this hydride and has been  critical in development of hydrogen storage materials.  Unlike 

ball milling, sintering or use of anvil cells, wet method is well established and provides 

an opportunity for large scale production.  In addition, homogeneous, micro or nano 

hydride samples, important in and improvement of thermodynamics and kinetics as 

discussed by Zaluski et al.
26
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 In this chapter, the synthesis and characterization of deuterated [ReH9]
2-

 

complexes will be discussed.  To our knowledge, this is the first report for the synthesis 

of deuterated analogues Na2ReH9 and BaReD9. 

6.2. Experimental 

Due to the air and moisture sensitive nature of these hydrides, all preparations 

were carried in a Schlenk line under argon atmosphere.  Any manipulations of the 

products were performed in argon filled glove box.  Reagent grade solvents were 

degassed using freeze-thaw procedure.  Sodium metal stored in kerosene was washed in 

pentane and finally cleaned with deuterated ethanol immediately before use.  All aqueous 

alkali solutions were prepared with decarbonated deuterated water.   

A synthetic scheme for Na2ReD9 and BaReD9 is shown in Figure 6.1.  To prepare 

Na2ReD9, sodium metal (2 g) was slowly added to a stirring solution of NaReO4 (3.0 g 

0.011 mol) in deuterated ethanol (300 mL) solution.  After vigorously stirring for 45 min, 

the dark brown solution was heated to reflux and more sodium metal (10 g) was slowly 

added.   After the sodium had completely dissolved, the hot solution was centrifuged at 

2000 rpm, for 5 minutes.  The precipitate was extracted with 3%  d-ethanolic NaOC2H5 

(two 25-mL portions, 1 h each time), after which it was washed three times  

consecutively with 2-propanol (25-mL portions) and three times with ether (25-mL 

portions).   

The white product was briefly dried in a stream of argon before it was dried overnight at 

82 °C under vacuum.  The yield (31% based on starting perrenate) was similar to 

amounts reported by Ginsberg (0.9 g).  
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Figure 6.1. Synthetic scheme for Na2ReD9 and BaReD9 synthesis. 

 

Polycrystalline sample of BaReD9 was synthesized by metathesis reaction as 

shown by Figure 6.1.  Unless otherwise noted, all solvents and solutions were kept ice 

cold. Crude Na2ReD9 (0.57 g, 2.4 mmol) was dissolved in 20 mL of saturated Ba(OH)2 

solution and centrifuged at 10,000 rpm between 0-10°C for 5 min.    

The supernatant was mixed with 20 mL of methanol and centrifuge at 5000 rpm 

for 1 min. The clear, colorless supernatant was mixed with 200 mL of deuterated ethanol 

to give a white precipitate of BaReH9 which was collected by centrifugation, washed 

successively, at room temperature, with 2-propanol and ether, and then dried with an 

argon stream.   

6.2.1. IR spectroscopy 

The infra-red (IR) spectra were recorded on a Nicolet 6700 FT-IR with a diamond ATR 

and data were reported as cm-1 (br = broad, s = strong).  During measurement, the 

powder samples were pressed against the ATR crystal with a calibrated strength in an 

argon atmosphere and protected by an airtight protective polyethylene film. 

6.2.2. NMR Spectroscopy 
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The 1H-NMR spectra were measured on Varian 400 (400 MHz), Varian MR400 (400 

MHz), or Varian 500 (500 MHz) spectrometers and reported in ppm.  TMS was used as 

an internal standard (TMS at 0.00 ppm) in D2O or the solvent peak (4.80 ppm) in D2O.  

6.2.3. Raman spectroscopy 

In an argon-filled glove box, the sample was loaded into a quartz capillary tube 

(3mm O.D. and 80mm long) and sealed with wax to prevent air and moisture.  A 

Princeton Instrument Raman spectroscopy system equipped with an Ar+ laser of 

wavelength 635 nm with a power of 0.456 W was used. Backscattered Raman spectra 

was collected using an imaging spectrograph (ISA HR460, 300 and 1800-grooves/mm 

grating) equipped with a liquid nitrogen- cooled charge-coupled device (CCD)  detector 

with a 460 mm focal length f/5.3  with a resolution of 0.5 cm
-1

.   Calibration of the 

Raman scattering wavelength was accomplished using Neon lines providing an accuracy 

of 1 cm
-1

. An initial overall spectrum with 300 grooves/mm grating was collected to help 

decided the peak position that would be monitored with the higher-resolution 1800 

grooves/mm grating.    

6.2.4. Synchrotron x-ray diffraction 

In an argon-filled glove box, the sample was loaded into a quartz capillary (3mm O.D. 

and 80mm long) and sealed with wax as before  and transported to a synchrotron facility.  

The high resolution x-ray diffraction studies were conducted at Sector 16-IDB, HPCAT, 

Advanced Photon Source of Argonne National Laboratory using synchrotron x-rays with 

wavelength of 0.37056 Å with a Mar345 image plate detector.  
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6.2.5. High temperature x-ray diffraction 

The sample was loaded in heating stage in the glove box filled with argon.  The stage was 

carefully transferred to the x-ray diffractometer and evacuated several times while filling 

the sample chamber with argon gas to prevent the sample from the moisture present in 

air.  The sample chamber was slowly heated to 700 ˚C while obtaining the x-ray 

diffraction patterns every 20 
o
C.  This task was completed using UNR’s PANalytical 

X’Pert PRO X-ray Diffraction System. 

6.2.6. DSC 

The desorption heat effect was obtained by differential scanning calorimetry (DSC) on a, 

the TA instrument (Q100) unit.  Each time, 3-4 mg of a sample was used and heated in an 

aluminum crucible under pure argon with a heating rate of 5 C/min.   

6.3. Results and Discussions 

6.3.1. Vibrational spectroscopy 

In an isolated [ReH9]
-2

 ion having a face–capped trigonal prism (D3h) symmetry, 24 

vibrations are expected 9 of which are Re-H stretch modes and 15 are H-Re-H bend 

modes: 
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R indicates Raman active and IR for Infrared active. The FTIR spectra for BaReD9 and 

Na2ReD9 are shown in Figure 6.32.  In this study, Na2ReD9 has one strong band at 1320.8 

cm
-1

 while BaReD9 has strong peak split at 1313.3 cm
-1

 and at 1344.9 cm
-1

.  Both 

compounds have an impurity peak at ~ 1884.4 cm
-1

 believed to be due to Re-H.  

Considering expected isotopic shifts, the IR spectra of both BaReD9 and Na2ReD9 

correspond well with previously reported spectra.  We can assign the absorptions to the 

  
  stretching and the     

  and     bending modes of the tricapped trigonal prism D3h 

point symmetry                                                                                                                  

 

Figure 6.2. IR spectra of BaReD9 (black) and Na2ReD9 (red) at room temperature. 
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6.3.2. Raman Spectroscopy of Na2ReD9 

The Raman spectra for Na2ReD9 are shown in Figure 6.3.  The isoptopic ratio given by 

νH/νD is 1.4 and is used for assignment of the peaks.   The Raman spectrum of  Na2ReD9 

shows the expected Re–H bending mode  at 717 cm
-1

 compared to 986 cm
-1 

 for 

Na2ReH9.  The stretching mode had an unusually broad peak with a significant 

asymmetry also observed in earlier studies on Na2ReH9.  Magnification of this peak 

shows three modes split exactly the same with intensity increasing with increase in 

Raman shifts.   The modes are at 1368 cm
-1

, 1402 cm
-1

 , and a third peak at 1430 cm
-1

 

which has another  shoulder peak at 1425 cm
-1

.  Two residual impurity peaks from Re-H 

mode are seen at ~1950 cm
-1

.    The Na2ReH9 stretching frequencies occur at 1876 cm
-1

, 

1919 cm
-1

, 1951 cm
-1

 and 1972 cm
-1

.    

 

Figure 6.3. High resolution Raman spectrum of Na2ReD9. Inset: magnification of 

stretching mode at 1400 cm
-1

. The peaks at around 2000 cm
-1

 are due to Re-H impurity 

BaReD9. 
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Figure 6.4 shows a high resolution Raman spectrum of BaReD9.  The compound 

has a sharp stretch mode peak at 1422 cm
-1

 as expected according to the isotopic shift 

effect.   Three bending modes were observed at 665 cm
-1

, 705 cm
-1

 and 741 cm
-1

. A broad 

peak with low intensity was seen at 499 cm
-1

 and can be assigned to   .  An impurity 

peak from Re-H stretch mode is still visible 1954 cm
-1

.  This compound also had an 

isotopic ratio of 1.4, calculated using νH / νD. 

The spectrum was not evidence of factor-group splitting in stretching modes 

because the unit cell contains two formula [ReH9]
2-

 ion units each occupying D3h sites. 

This allow the assumption that the spectrum due to a secluded [ReH9]
2-

 ion is supported 

by first principle calculation done by Parker et al.[parker 2005 inorganic chemistry]  

 

Figure 6.4. Raman spectrum of BaReH9 at ambient conditions.  The peak at around 2000 

cm
-1

 is due to Re-H impurity. 
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Figure 6.5.  
1
H-NMR of Na2ReD9 (Top) and BaReD9 (Bottom) spectra were measured on 

Varian 500 (500 MHz) spectrometers and reported in ppm. 

 

 

D2O (4.8 ppm)

Re-H resonance impurity

Re-H resonance (-9.1 ppm)

D2O (4.8 ppm)

Re-H resonance impurity
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6.3.3. NMR Spectroscopy 

NMR spectroscopy (500 MHz) of Na2ReD9 and BaReD9 in D2O showed a small single 

proton resonance at -9.1 ppm relative to that of Na2ReH9 (Figure 6.6).  As confirmed with 

IR and Raman spectroscopy, Re-H impurity remained persistent. We suspect that it could 

be due to exchange with water in deuterated ethanol during synthesis. 

6.3.4. Synchrotron X-ray Diffraction 

 

Figure 6.6. Results of Rietveld fitting of synchrotron x-ray diffraction of BaReD9 pattern 

at ambient conditions. Only major peaks are indexed. 
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The synchrotron diffraction ambient condition pattern of BaReD9 refined with Rietveld 

analysis is shown in Figure 6.6. The lattice parameters and volumes of BaReD9 at room 

temperature were calculated. BaReD9 adopts a hexagonal structure (P63/mmc) with lattice 

parameters a = 5.2924 (±0.0006) Å and c = 9.3286 (±0.0014) Å   with v = 113.142 (± 

0.031) Å
3
 at ambient conditions.  BaReD9 unit cell was slightly larger than the BaReH9, 

by 0.028%.  The synchrotron diffraction patterns of Na2ReD9 at ambient condition are 

shown in Figure 6.7 

 

Figure 6.7. Un-indexed Synchrotron x-ray diffraction patterns of Na2ReD9 obtained at a 

wavelength of 0.370560. 
 



111 
 

 

Figure 6.8. DSC result of Na2ReH9. The peak on the left hand side shows the solid-solid 

phase transition and the transition temperature 261 °C has been indicated. The peak on 

the right hand side shows an amorphous phase transition. 

 

A Na2ReH9 sample was loaded in the DSC and the data has been acquired by 

heating the sample at a heating rate of 5 
0
C/min in the temperature range of 25 °C to 400 

°
C to study the desorption heat effect.  The DSC results are shown in Figure 6.8.  The 

figure displays two peaks in which the peak on the left hand side of the figure represents 

a solid-solid transition for desorption of hydrogen from the Na2ReH9 at 261
°
C.  

The second peak indicates the transition into an amorphous phase which 

happened at ~382 
°
C. The energy released during each transition with respect to the 

weight of the sample is also indicated in Figure 6.8.   The phase transitions were 

confirmed using high temperature x-ray diffraction as shown in Figure 6.9.    
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Figure 6.9. In-situ dehydriding of Na2ReH9 up to 400 °C. 
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 At 25 °C, Na2ReH9 exhibited typical diffraction peaks.  At 240 °C, new peaks 

start to emerge but the NaReH9 phase persists up to 260 °C.  The new desorption phase is 

prominent at 280
 
°C but its intensity diminishes as the temperature increases.  The x-ray 

diffraction pattern at 400 °C shows a broad peak between 35 to 60° and only silicon 

peaks are left.   The x-ray data matches the DSC results showing a new phase at 261 °C 

and an amorphous phase starting at 376 °C. 

6.4. Conclusions 

The present work has afford two new deuterated transition metal hydrides (Na2ReD9 and 

BaReD9) which were successfully synthesized by reaction via metathesis reaction in 

deuterated ethanol.  Raman and IR spectroscopy showed isotopic shift with (H/D) of 

~1.4.  The crystal structure of BaReD9 has been determined by synchrotron powder 

diffraction and the results were consistent with the P63/mmc (#194) space group, with 

lattice parameters a = 5.2924 (±0.0006) Å and c = 9.3286 (±0.0014) Å.  Desorption of 

Na2ReH9 
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Chapter VII 

Summary, conclusions, and future studies 

 

7.1 Summary and conclusions 
 

The work in this dissertation was organized in three chapters.  For the first time, 

in-situ high pressure synchrotron x-ray diffraction, Infrared and Raman spectroscopy 

experiments were performed on BaReH9 at room temperature.  The experiments were 

performed using a Diamond Anvil Cell (DAC).  The compound was studied using x-ray 

experiments up to 110 GPa, IR spectroscopy up to 20 GPa, and Raman Spectroscopy up 

to 32.9 GPa.  The unit cell parameters, frequency shifts, and the internal modes of 

vibration were analyzed as a function of pressure. The results indicate that the room 

temperature hexagonal structure (P63/mmc) phase is stable up to the pressure studied.  

This refutes computational studies done by Markopoulos and coworkers which claimed 

phase transformation and hydrogen evolution at 51 GPa.  Compressing of this compound 

resulted in a 63.4 % volume reduction. A bulk modulus of B0 = 23.9 ± 1.0 GPa and a 

pressure derivative   
  = 6.1 ± 0.4 GPa for experiments up to 32.9 GPa and a bulk 

modulus B0 = 33.3 ± 0.01 GPa and a pressure derivative   
  = 3.1 ± 0.02 GPa for pressure 

up to 110 GPa were obtained.  The stretching and bending modes of Re-H in Raman and 

IR spectroscopy showed frequency as a function of pressure.  Combination of x-ray 

diffraction, IR and Raman spectroscopy suggest a possible orientation disorder in the 

crystal at high pressures.cm 
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Chapter 5 dealt with study of Na2ReH9 and K2ReH9 using  in-situ synchrotron x-

ray diffraction,  Raman and IR spectroscopy up to 20 GPa which has never been 

investigated before.  The experiments were performed using a Diamond Anvil Cell 

(DAC).  These compounds behaved differently compared to BaReH9.  Both Na2ReH9 and 

K2ReH9 transform above 9 GPa and approximately 16 GPa as a result of compression.  

Decompression results show that the transformations are reversible.  It is believed that the 

phase transformations occur to relieve the repulsion due to H-H interaction of two 

[ReH9]
-2

 ions as the volume of the unit cell reduces due to pressure increases.   

In chapter 6, two new deuterated transition metal hydrides (Na2ReD9 and 

BaReD9) were successfully synthesized by reaction via metathesis reaction in deuterated 

ethanol.  An isotropic shift (H/D) of ~ 1.4 was observed in both Raman and IR 

spectroscopy.   The crystal structure of BaReD9 has been determined by synchrotron 

powder diffraction and the results were consistent with the P63/mmc (#194) space group, 

with lattice parameters a = 5.2924 (±0.0006) Å and c = 9.3286 (±0.0014) Å 

 

7.2 Future Work 

 
In the field of high pressure, discovering solid metallic hydrogen is keenly 

awaited.  Since [ReH9]
-2

 complex ion is already highly rich in hydrogen, it would be 

interesting to perform higher megabar (>110 GPa) experiments to investigate the 

pressure-induced metallization of these materials.   Other attractive supplementary 

experiments would be to perform resistivity measurements at high pressures. 
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Appendix I 

Structural Analysis using Rietveld Refinement 

A powder x-ray diffraction pattern in an ideal crystal is represented as a set of 

discrete data points of measured intensity.   Each data point is typically the sum of the 

background and possibly one or more diffraction peaks.   A model is then required to 

describe the total scattered intensity of each point.  Key structural information such as 

lattice parameter, unit cell shape, type, number, and position of atoms as well as 

experimental details (such as wavelength) should be included in such a model.   

In practice, several factor affect diffraction peaks, which includes instrument 

resolution, thermal motion, crystallite (domain) size in the sample, stress, strain or 

preferred orientation in the sample (an especially critical effect in high pressure 

crystallography), and stacking faults or other crystalline defects causing the peaks to 

broaden or slightly shift.   Uncertainties in peak positions and intensity arise especially 

when there are several different crystalline phases with partially or completely 

overlapping peaks and intensity.  Therefore in order to accurately generate structures, all 

these effects must be considered.  The Rietveld process provides insight about the 

material (especially under pressure) from strain effects and other kinds of defect which 

affect the diffraction pattern.   

The Rietveld method accurately generates a diffraction pattern taking into account 

all phases contributing to a diffraction pattern, and all the effects mentioned above.
1-2

  It 

is considered a milestone in structure refinement from powder diffraction pattern.  The 

basic idea behind the Rietveld method is the calculation of the entire powder pattern 
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using a variety of different refinable parameters such as scale factor, structure factor, and 

background correction. The calculated intensity          for a mixture of phases is given 

by the following equation: 

          ∑      
                      

 

                                            

Where  

S is the scale factor 

K represents the Miller indices HKL for each Bragg reflection 

   is the correction for the Lorentz, polarization, and multiplicity factors 

  is the structure factor of the     Bragg reflection  

        is the reflection profile function (i.e., a quantitative description of peak width) 

   is a correction for preferred orientation 

  accounts for absorption in the sample 

       is the background intensity at the     point 

The differences between the observed and calculated patterns are curtailed by refining a 

selection of parameters using least squares methods which can be quantified by a sum of 

the weighted square of the difference at each point: 

∑  (                )                                                              

 

 

yielding 

       
 

√       

                                                                             

where   is a weighting factor 
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During refinement process, the calculated intensity can be modified with the 

various effects such as background scattering, preferred orientation and others mentioned 

above until it matches well with the observed intensity.  Each of the variable parameters 

(effects) can be turned on or off at various steps of the refinement process. There are 

diverse strategies for approaching this process such as one described by A. F. Gualtieri.
3-4

  

There are numerous different statistical agreement factors have been proposed for 

judging the quality of a Rietveld refinement. The most common are  

    √
∑   (                )

 
 

∑    (       )
                                                         

   √
     

∑    (       )
                                                                         

   [
  

     
]   [

   

  
]
 

                                                                  

Where     is the R weighted-pattern,    is called R expected, N is the number of points 

in the diffraction pattern, P is the number of refined parameters in the model, and     

describes how good is the fit.  In general a good fit is characterized by a    value close to 

1.  If the value is significantly larger than 1, it presents a poor refinement. The resultant 

of this Rietveld refinement process is the  ‘Rietveld plot’ which shows the observed 

powder pattern, the best Rietveld fit profile, the reflection positions and the difference 

curve between observed and calculated profiles.  GSAS program was the choice of 

Rietveld refinement software of both neutron and x-ray diffraction in this work.
5
 It was 
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obtained  from http://www.ccp14.ac.uk, as well as a nice graphical interface called 

EXPGUI.
6
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