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Abstract

A proton and an electron form the lightest element of the periodic table:

Hydrogen. Despite the simplicity of this element and an ongoing research interest,

surprisingly little is known about its solid phases and structures of hydrogen-rich

compounds such as water, ammonia or methane. In the particular, high pressure

phases of these compounds are poorly understood.

The reason for this is of a two-fold nature; first and foremost, small, hydrogen-

rich molecules have very complex phase diagrams - partially due to the quantum

nature of hydrogen - and form a vast variety of crystal structures. And secondly,

the only direct way of measuring the hydrogen positions in these crystal structures

is neutron-diffraction. While very powerful in structure determination, this

technique requires large sample volumes and, hence, the pressure range has been

limited to below 40 GPa; until recently, neutron diffraction had to rely on large-

volume pressure cell such as the Paris-Edinburgh-Press.

The overall aim of this body of work was to overcome current pressure-limitations

and the concomitant limitations in data quality using single-crystals in diamond

anvil cells for neutron diffraction. This attempt has been successful and the data-

reduction and correction procedure reported in this work are now being used at

the Snap beamline at Sns (Oak Ridge National Laboratory).

The original aim for the second half of this thesis was to use single-crystal neutron-

diffraction to measure single-crystals of hydrogen (deuterium) and water. Due to

the ongoing pandemic caused by Covid-19 and the restrictions to travel to Sns,

this was not possible. Hence, the second half of this works tries to fill gaps in the

knowledge of the high-pressure behaviour of water-gas compounds using existing

techniques. In particular, studies on the water-nitrogen, water-ammonia and the

water-ammonia-methane systems will be presented here.

i



Lay summary

Hydrogen is by far the most common element in the observable universe, followed

by helium and oxygen. Although, most of the hydrogen is in its atomic form,

molecular hydrogen H2 as well as is found in vast quantities in our Solar system -

in gas planets and as well as in moons. Under less extreme conditions, hydrogen

and oxygen form liquid water, H2O, which is the prerequisite for life. Crystalline

water can be found - in both its pure form and mixed with other elements in gas

hydrates - on Earth, on icy moons, and in cosmic dust.

With this abundance it is not surprising that many studies have been conducted

to study both hydrogen and water in much detail in every possible state. However,

the high-pressure crystal structures of many of these important simple molecular

systems are surprisingly poorly understood. For example not even the H-H bond-

length in solid hydrogen has been measured at any elevated pressure. Similarly,

the high-pressure structures of many hydrogen-bonded systems are still badly

characterised (see for example Guthrie et al. 2019).

The only direct way of measuring the hydrogen positions in crystal structures,

neutron-diffraction, requires large sample volumes and, hence, limited the

accessible pressure range to below 40 GPa: until recently, neutron diffraction

had to rely on large-volume pressure cells such as the Paris-Edinburgh-Press.

Smaller sample sizes and therefore the use of diamond anvil cells (DAC) remained

unsuitable. Only with recent developments in diamond synthesis and the advent

of bright neutron sources (e.g. SNS at ORNL, ESS) experiments at higher

pressures became achievable but remain on the edge of the possible due to

limitations in data quality.

The first half of this work focuses on overcoming these limitations in data quality

for high-pressure neutron diffraction using crystals in a diamond anvil cell. To

that end, diffraction patterns of crystals of deuterated potassium dihydrogen
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phosphate (DKDP) were recorded. The same crystals were then measured in the

complex sample environment of a DAC. Based on this experimental data, a data-

reduction and correction procedure for single-crystal neutron-diffraction (SCND)

in DACs at the SNAP beamline at SNS (ORNL) was developed. This part also

sheds light on possible improvements of this technique in the future.

The original aim of this thesis was to use the obtained insights and procedures

to measure the crystal structure of solid deuterium in the pressure range up to

50 GPa. However, due to the outbreak of a global pandemic in 2020, no such

experiments were possible; only some preliminary results of a hydrogen single-

crystal (collected in December 2019) are presented in chapter 4.

The second half of this work hence focuses on different types of gas hydrates under

pressure using existing pressure methods (gas-cell and Paris-Edinburgh Press);

data for these chapters were all collected before the Covid-19 pandemic. Chapter

8 shows the possibility to reversibly fill the channels of ice XVII with nitrogen to

form an sX type hydrate. Furthermore, the surprisingly complex dissociation of

nitrogen sX is presented - when heated under pressure, this hydrate undergoes

various phase transitions before finally reaching the cubic hydrate stable at

ambient temperature.

Chapters 6 and 7 present data on ammonia monohydrate IV. This hydrate

has been known for over two decades but so far no crystal structure has been

established. Here an attempt is made to find a structure using experimental

neutron data and calculations based on density-functional theory. Furthermore,

the behaviour of a ternary system of ammonia, methane and water is investigated.

Finally, the last chapter of this work shows a study aiming at the formation of

carbonic acid from CO2 hydrate. The corresponding neutron experiments in a

PE-press were not successful since the acid reacted with the sample container;

follow-up experiments were once again not possible due to the Covid crisis.

iii



Declaration

I declare that this thesis was composed by myself, that the work contained herein
is my own except where explicitly stated otherwise in the text, and that this work
has not been submitted for any other degree or professional qualification except
as specified.

Parts of this work have been published in J. Chemical Physics [1], in High Pressure
Research [2], and in Crystals [3].

(Bernhard Massani, July 27, 2022 )

iv



To my parents,
Diethard and Ingrid.

For their advice, love, patience and faith.

v



Acknowledgements

Confitebor tibi, Domine, in toto corde meo;
narrabo omnia mirabilia tua.

Laetabor et exsultabo in te;
psallam nomini tuo, Altissime.

- Psalms 9,2

With the submission of this thesis my time as a student comes to an end and hence
I would like give thanks and be grateful to a lot of people who have been there
for me this whole time. First and foremost I would like to thank my supervisors
Dr John Loveday and Dr Malcolm Guthrie; you taught me more than I could
have ever imagined and it was a pleasure to work with you.

Furthermore, I would like to thank my parents, Diethard and Ingrid, who have
supported me financially as well as morally throughout my time at university and
all my degrees. I would not be able to submit this thesis without their help - be
it material or immaterial help. I would also like to thank my sister Christine and
my grandparents who were there for me this whole time.

Finally I would like to thank my friends, old and new, who were such a great
support. Here I could write a whole litany of names but I will only name a few
in person: Fr Emerson and Fr Busse for their prayers, Daniel, Max, and Kenneth
for their rants, and Mops for deep conversations. But in particular I would like to
mention my colleagues Liam, Hannah, Michael, Sarah, Christian, Orianna, and
Caluma. Not everyone can claim that their co-workers are also their friends but
I am glad that you are. You were there to discuss science and helped out when
I needed you. The first words I heard in CSEC were ”Welcolm to high-pressure
- where nothing works and everything sucks!” and the depressing days when
nothing worked, did suck a whole lot less with you around!

Thank you all!

vi



Contents

Contents vii

List of Figures xi

List of Tables xxi

1 Where is the Hydrogen? 1

1.1 Solid Hydrogen - Simple but Still a Mystery.............................. 3

1.2 Water and Gas Hydrates:
Model Systems for Hydogen-bonds .......................................... 7

1.2.1 The Phase Diagram of Pure Water ................................ 7

1.2.2 Mixing Water and Gas - The Gas Hydrates ..................... 10

1.2.3 Water and Hydrogen - The Hydrogen Hydrates ................ 15

1.2.4 Water and Methane - The Methane Hydrates................... 18

1.2.5 Water and Ammonia - The Ammonia Hydrates ................ 19

1.3 Aim for this Work ............................................................... 23

2 On Crystallography 24

2.1 Describing Crystals ............................................................. 25

2.2 On Diffraction .................................................................... 31

2.2.1 Bragg Formulation ..................................................... 32

2.2.2 Von Laue Formulation ................................................ 32

2.2.3 Time-of-Flight Neutron Diffraction (TOF-ND) ................. 36

2.2.4 Neutron-Matter Interaction.......................................... 39

2.2.5 Corrections in Neutron Diffraction................................. 41

vii



2.2.6 The orientation matrix (UB matrix).............................. 44

2.3 Data Processing and Structure Determination ........................... 46

2.3.1 Le-Bail Extraction and Rietveld Refinement .................... 46

2.3.2 Monte-Carlo Simulated-Annealing (MCSA) ..................... 47

3 Experimental Techniques:
A Toolbox for Neutron-Diffraction 49

3.1 Generating High Pressure:
General Concepts and Pressure Devices.................................... 50

3.1.1 The Gas Cell ............................................................ 51

3.1.2 The Paris-Edinburgh Press .......................................... 51

3.1.3 The Diamond Anvil Cell ............................................. 55

3.2 Diffraction Instruments ........................................................ 58

3.2.1 PEARL ................................................................... 59

3.2.2 TOPAZ ................................................................... 60

3.2.3 SNAP ..................................................................... 60

3.3 Ancillary Techniques and Pressure Scales ................................. 61

3.3.1 Raman Spectroscopy .................................................. 61

3.3.2 Ruby Fluorescence - A Handy Pressure Scale ................... 63

3.3.3 Other Pressure Calibrants: Equations of State ................. 65

3.3.4 Density Functional Theory (DFT) ................................. 65

4 Quantitative Single-Crystal Neutron-Diffraction in DACs 68

4.1 Material and Methods .......................................................... 70

4.2 Initial observations .............................................................. 72

4.2.1 Single Crystals on SNAP: Improvement of Data Quality ..... 72

4.2.2 Effects of the Sample Size and Deutration Ratio on the
Data Quality ............................................................ 74

4.3 Establishing a Data Reduction Procedure ................................. 77

4.3.1 Problems obtaining the peak positions:
The Limits of TOPAZ’s Automated Algorithm................. 77

4.3.2 The Effect of the DAC on Data Quality .......................... 78

viii



4.3.3 Is Quantitative Structure Refinement of Hydrogen-Rich
Systems in a DAC on SNAP Feasible? ............................ 86

4.4 Application on Samples Under Pressure:
A Structural Study of Ice VI ................................................. 87

4.5 Application on Samples Under Pressure:
A Single Crystal of H2.......................................................... 91

4.6 Conclusion and Outlook ....................................................... 95

5 A Novel N2 sX Hydrate 99

5.1 Experimental Procedure and Methods ..................................... 100

5.2 Results and Discussion ......................................................... 103

5.2.1 Structure of Nitrogen sX Hydrate (NH-V) ....................... 103

5.2.2 Decomposition of NH-V .............................................. 110

5.3 Conclusions ....................................................................... 113

6 Ammonia Mono Hydrate IV:
An Attempted Structure Solution 116

6.1 Material and Methods .......................................................... 119

6.2 Results and Discussion ......................................................... 120

6.2.1 Density of Ammonia Hydrate ....................................... 120

6.2.2 Initial Indexing ......................................................... 121

6.2.3 Structure Search Using Monte Carlo Simulated Annealing... 123

6.2.4 Structure Candidates based on Rietveld Refinements ......... 124

6.2.5 Structure and DFT study of P21/c (II) .......................... 131

6.3 Conclusions ....................................................................... 135

7 A new ternary structure in ND3-D2O-CD4 140

7.1 Material and Methods .......................................................... 142

7.2 Results and Discussion ......................................................... 144

7.2.1 The Melting Temperature of D2O-ND3-CD4..................... 144

7.2.2 Incorporation of ND3 into the CD4-D2O Network:
Evidence for a Ternary Phase Above 1.6 GPa................... 146

7.3 Conclusions ....................................................................... 150

ix



8 Carbonic Acid at High Pressure:
Carbonate Formation in TiZr-Gaskets 151

8.1 Material and Methods .......................................................... 153

8.2 Results and Discussion ......................................................... 154

8.2.1 Initial Raman Experiments .......................................... 154

8.2.2 Powder-Neutron Diffraction at ISIS:
A Failed Attempt to Find the Hydrogen Positions............. 156

8.2.3 The Influence of the Gasket Material on the Formation of
H2CO3 and D2CO3 ................................................... 159

8.3 Conclusion ........................................................................ 161

9 Summary and Final Remarks 164

9.1 Single Crystal Neutron Diffraction in DACs .............................. 164

9.2 Gas Hydrates under pressure ................................................. 166

Bibliography 171

Publication List and Published Papers 195

x



List of Figures

(1.1) The phase diagram of hydrogen (top) and deuterium (bottom).
The solid lines are best fit curves with the form T (P ) = a+ b ·P +
c · ln(P )+d/P +e ·

√
P . Open symbols indicate measured transition

lines. The broke lines indicate assumed - but not yet measured -
phase lines. Data were taken from the following sources: L-I: [4–6];
I-II: [7–9]; I-III: [6, 8, 9]; I-IV: [6]; II-III: [8, 9]; III-IV: [6] . . . . . 4

(1.2) Left: Structure of phase III [10]. Right: Structure of phase IV [11].
The structures were visualised with the VESTA software package. 6

(1.3) Left: Structure of a single H2O molecule as used in the TIPS-
water model. Right: Scheme of the interaction in liquid water.
The four hydrogen bonds formed between H and O are clearly
visible. Structure according to Wallrafen 1964 [12]. . . . . . . . . 8

(1.4) The phase diagram of water. The grey lines are best fit curves
with the form T (P ) = a+ b ·P +c · ln(P )+d/P +e ·

√
P taken from

[13]. The open circles indicate measured data points. The data
points and phase lines were taken from the following sources: L-I:
[14–16]; L-III: [14, 16]; L-V: [14–16]; L-VI: [14–17]; L-VII: [18–25];
L-X: [24, 25]; I-II: [14, 26]; I-III: [14, 26]; I-XI: [27, 28]; II-III: [14];
II-V: [14, 29]; II-VI: [29]; III-V: [14]; V-VI: [14, 29]; VI-VII: [30–
32]; VI-VIII: [30, 33]; VII-VIII: [34, 35]; VI-XV: [36, 37]; XV-XIX:
[37]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

(1.5) Clathrate hydrates as an example for inclusion compounds. De-
pending on the size, as well as the physical properties, of the guest
molecule(s), different structures can be formed, e.g cubic structure
sI and sII or the hexagonal structure sH. . . . . . . . . . . . . . . 12

(1.6) Stability region of water ice (orange) and CO2, CH4, N2, and
H2 hydrates, respectively, at a temperature of about 250 K. The
transition pressures at about 250 K are taken from Loveday et al.
(2008) and Massani et al. (2017) [38, 39]. . . . . . . . . . . . . . . 14

(1.7) Comparison of the structures of ice I (left) with a filled ice structure
of helium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

xi



(1.8) Variation of the D2 distribution in the cages of deuterium clathrate;
the guest D2 molecules are highlighted in yellow. Below 50 K, the
guest molecules are localized but with increasing temperature, the
molecules can rotate more freely, yielding a nearly spherical density
distribution. Figure adapted from [40]. . . . . . . . . . . . . . . . 16

(1.9) The phase diagram of the hydrogen-water system as shown
in Donnelly 2016 [41]. Please note that broken lines do not
denominate phase boundaries but rather a line at which the
respective other phase first appears. . . . . . . . . . . . . . . . . . 17

(1.10)The methane hydrate phases as given by Loveday et al. [42]. Please
note that broken lines do not denominate phase boundaries but
rather a line at which the respective other phase first appears. . . 18

(1.11)The ammonia-water phases. For reasons of simplicity AHH-I is
not shown. Please note that broken lines do not denominate phase
boundaries but rather a line at which the respective other phase
first appears. The grey lines in the background give the phase
diagram of water as a reference. The melting curves and phase
boundaries are taken from [42–47]. . . . . . . . . . . . . . . . . . 20

(2.1) A solid can either be (a) crystalline, (b) polycrystalline (consisting
of several crystallites that grew together), or (c) amorphous. . . . 24

(2.2) Projection of a Bravais lattice viewed along the a3 direction. The
three axis are given by the vectors a1, a2, and a3. Every lattice
point can be reached by a vector R = n1a1 + n2a2 + n3a3. The
shaded areas give two possible primitive unit cells. . . . . . . . . . 26

(2.3) The (100), (111), and (110) lattice planes of a simple cubic lattice. 28

(2.4) The 7 crystal systems and the 14 Bravais lattices according to
Bravais [48]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

(2.5) a) The Bragg angle θ is just half the total angle by which
the incident beam is deflected. b) The path difference is only
dependent on the Bragg angle and the d-spacing between two
lattice planes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

(2.6) Two-dimensional projection of the Ewald construction. Taken
from Guthrie et al. [49]. . . . . . . . . . . . . . . . . . . . . . . . 34

(2.7) Schematics of a spallation source. Negative H− atoms are
accalerated in a linear accelerator and then stipped of their
electrons. The so produced protons are further accelerated and
guided to a target where the spallation takes place [50]. . . . . . . 37

(2.8) Sketch of a beamline. The neutrons are produced in the target
by spallation and then cooled down by a moderator. A chopper
produces well defined pulses of neutrons which are then guided to
the sample and collimated to the required beam shape [50]. . . . . 38

xii



(2.9) Visualisation of the scattering cross sections of different atoms.
While the X-ray scattering cross section increases with the atom
size (and therefore the electrons in the shell), the neutron scatter-
ing cross section does not show such a behaviour. . . . . . . . . . 39

(2.10)Scattered neutrons through a surface element dS can be specified
by the solid angle dΩ. . . . . . . . . . . . . . . . . . . . . . . . . . 40

(2.11)A comparison of corrections in neutron-diffraction. The black
curve gives the raw data after summing the ToF-data, the red one
shows the same data set corrected by the Lorentz factor; Vanadium
(green) and background (blue) spectra are shown ibid. The inset
shows the raw data and the Lorentz-corrected one after division
by the Vanadium and background spectra. . . . . . . . . . . . . . 43

(2.12)Rotating a single crystal about an angle γ along the b3 axis leads
to a different diffraction pattern. Taken from Guthrie [49]. . . . . 45

(3.1) A schematic of a gas cell (a) and a picture of a gas cell as used at
the ISIS neutron facility (b) (taken from [51]). Note that the piston
and lead/copper rings located at the bottom form a Bridgman seal. 52

(3.2) a) Schematic sketch of a Paris-Edinburgh Press V4 with its primary
parts: cell-body, pistons (2,3), collimator hole (4), anvils (5),
gasket (6,7), and sample (8); The broken arrows indicate the
direction the neutrons enter the pressure cell in the transverse
mode. b) Detector arrangement (9) at a neutron beam-line with
the PE -press symbolised by the red cube. . . . . . . . . . . . . . 53

(3.3) Picture of a set of ZTA anvils that allow for the temperature range
between 100 K to 500 K. Taken from the ISIS homepage [52]. . . 54

(3.4) Sketch of a large-volume diamond anvil cell for neutron diffraction
as used for this work. For this type of diamond anvil cell,
the primary neutron beam can enter the sample chamber either
through the gasket as shown (longitudinal mode), or along the
presser axis through the diamonds (transverse mode). Taken from
Massani et al. [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

(3.5) (left) Sketch of a diamond with a 4-piece gasket as used in a large-
volume diamond anvil cell for neutron diffraction. WC-seat (1),
table (2), girdle (3), pavillion and facets (4), culet (5), gasket (6),
and gasket-hole (7). (right) A microscope picture of a gasket taken
through the top-anvil. Note that the 4-piece gasket can be seen
covering the whole pavillion of the diamond-anvil. Picture taken
from Massani et al. [2]. . . . . . . . . . . . . . . . . . . . . . . . . 57

xiii



(3.6) Showing the energy state transitions involved in the Rayleigh
and Raman scattering processes. The colouring shown for Stokes
and anti-Stokes scattering types indicates the shift in the re-
emitted photon towards the higher (blue) or lower (red) end of the
electromagnetic spectrum (no shift occurs in the case of Rayleigh
scattering). Taken from Amos 2015 [53]. . . . . . . . . . . . . . . 62

(3.7) Illustrating the four possible vibrational modes of a triatomic,
linear molecule. Note that the bending mode is 2-fold degenerate.
Taken from Amos 2015 [53]. . . . . . . . . . . . . . . . . . . . . . 63

(3.8) The ruby pressure scale: The shift of the R1-line of the ruby
fluorescence spectrum as a function of pressure up to 800 kbar
by Mao et al. [54]; Inset: R1- and R2-lines of the fluorescence
spectrum of ruby. Taken from Amos 2015 [53]. . . . . . . . . . . . 64

(4.1) Influence of the deuteration ratio on the lattice parameter a = b
of KDP and DKDP as found in literature. . . . . . . . . . . . . . 70

(4.2) Left: Coordinate system on TOPAZ and SNAP. The beam
direction is along the z-axis. The angles θ and Ψ give the direction
of the diffracted beam. Right: The goniometer angles X, Φ, and
Ω. On TOPAZ X is fixed to 135o; on SNAP X and Φ are fixed to
0o. Taken from Massani et al. [2]. . . . . . . . . . . . . . . . . . . 71

(4.3) Left: Refinement of DKDP with two symmetrical hydrogen
positions with an occupancy of 0.5. Right: Model of a centred
hydrogen atom with an occupancy of 1 between two oxygen atoms. 73

(4.4) Root-mean-square displacement of the hydrogen atoms in compar-
ison to the true positions as a function of the data cut-off. . . . . 74

(4.5) (a), (b) The observed doublet in d-spacing and along Qx. In both
cases two Gaussians were fitted to the data to obtain the peak
maxima. (c) Simulated peak for KDP (red) and DKDP (green).
(d) Pictures of the split-peak on a detector module on TOPAZ. (e)
Pictures of the doublet on a detector module on SNAP. Note that
the peak itself consists of a 3x3 ”checkboard” pattern as a result
of the short guide (cf. section 4.3.3). . . . . . . . . . . . . . . . . 75

(4.6) (Left) Uncorrected raw data as a function of the wavelength.
The intensities of the (211) reflections are plotted for the case
of TOPAZ’s automated integration mechanism and a manual
integration in Q- and HKL-space. (Right) wrongly predicted peak
positions (red) and actual peak positions (green) on a SNAP detector. 77

xiv



(4.7) Comparison of background levels on SNAP (a) and TOPAZ (b)
for the empty instrument (black), the sample on a vanadium pin
(blue), and the full assembled DAC. SNAP: the green curve shows
the background in which the primary beam enters the cell through
the diamonds only, while the red curve is the background for the
case in which the primary beam enters the cell through the gasket.
TOPAZ: The four red curves give the background on TOPAZ for
various orientations of the cell. All plots are normalised to the
proton-current and vanadium-corrected. . . . . . . . . . . . . . . 79

(4.8) (a) A single crystal peak on top of a powder line with the blue
curve being a fit of the powder-line. The inset gives the single
crystal peak after a subtraction of the powder-line. (b) Powder-
lines caused by the steel gasket. Peaks in the shaded d-spacing
regimes were excluded during the data reduction. . . . . . . . . . 81

(4.9) (a) Transmission of a steel gasket for the geometry Φ=-15o,
X=135o and Ω=0o. The model of a DAC used for this experiment
is shown in the inset. For the beam, four cases for the path can be
distinguished: (I) diamond-only, (II) diamond-gasket, (III) gasket-
diamond-gasket, and (IV) gasket-only. (b) The respective path
lengths through diamond and gasket. . . . . . . . . . . . . . . . . 82

(4.10)Observed versus calculated structure-factors for: (a) The bare
crystal without a sample environment, (b) using the standard
TOPAZ algorithm (DACa), (c) a refined UB for every orientation
(DACUB), and (d) a selected subset of peaks (DACs). The
insets give the relative difference between observed and calculated
structure-factors as |Fobs − Fcalc|/Fobs as a function of Fobs. . . . . 84

(4.11)Observed vs Calculated Structure factors for (a) a refined UB
for every orientation (DACUB,P ), and (b) a selected subset of
peaks (DACS,P ). The integrations were carried out using the
IntegratePeaksProfileFitting algorithm. The insets give the relative
difference between observed and calculated structure factors as
|Fobs − Fcalc|/Fobs as a function of Fobs. . . . . . . . . . . . . . . . 85

(4.12)Microscope pictures of the gasket hole loaded with a powder made
of 25% ND4OD-D2O. The powder was melted by heating the
sample and subsequently a single crystal was formed using a single
crystallite as a nucleus. Taken from Massani et al. [2]. . . . . . . 88

(4.13)Left: The structure ice VI as reported by Kuhs et al. [55]. Right:
An overlay of the published structure of ice VI and the atomic
coordinates obtained by HP-SCND in this study [2]. . . . . . . . . 90

(4.14)Microscope pictures of the gasket hole loaded with a H2 powder in
a He matrix. The powder was melted by heating the sample and
subsequently a single crystal was formed using a single crystallite
as a nucleus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

xv



(4.15)Detector views for the left modules in the d-spacing ranges 1.0-
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a = 6.240(3) Å, and c = 6.065(2) Å. . . . . . . . . . . . . . . . . . 106

(5.3) Interatomic distances in NH-V at 0.018 GPa and 130 K as obtained
from neutron powder diffraction data. . . . . . . . . . . . . . . . . 108

(5.4) Fractional coordinates (x, y, z) and Wyckoff positions of the sites
for NH-V from from a GO calculation with lattice parameters of
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Chapter 1

Where is the Hydrogen?

Hydrogen is by far the most common element in the observable universe, followed

by helium and oxygen [74]. Although, most of the hydrogen is in its atomic form,

molecular hydrogen H2 is found in gas planets and as well as in moons [75]. On

Earth, hydrogen and oxygen form liquid water, H2O, which is the prerequisite for

life [76]. Crystalline water can be found - in both its pure form and mixed with

other elements in gas hydrates - on Earth, on icy moons and in cosmic dust [77].

With this abundance it is not surprising that many studies have been carried

out to study both hydrogen and water in much detail in every possible state.

Discussing the shear abundance of studies - from low pressure studies at just a

few mili-bar and milli-Kelvin to shock-wave experiments at thousands of Giga-

Pascal and Kelvin - would go way beyond the scope of this work. In this body

of work I would like to focus on the solid region(s) in the P/T -diagram of these

hydrogen-rich materials - particularly their crystal structures under pressure.

Surprisingly, the crystal structures of many of these important simple, molecular

systems are poorly understood. For example, not even the H-H bond length

in solid hydrogen has been measured at any elevated pressure and the space

groups of the high-pressure phases remain unknown [78]. Similarly, water and its

binary and ternary mixtures exhibit a wealth of phases and phenomena such as

H-bond centring and superionicity [79, 80] which are poorly characterised from a

structural point of view.

Accurate structural information on these systems is vital for a wide range of

scientific problems. For example, the outer Solar System is dominated by

hydrogen and hydrogen-rich materials and knowledge of their high pressure
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properties is vital for developing models of phenomena like the existence and

strength of magnetic dynamos, the internal structure of gas-giants and moons,

and even to the evolution and composition of atmospheres [61, 81–86]. The

long-standing problem of metallic hydrogen is the paradigmatic model for the

behaviour of solids when quantum effects become significant [87–90], and the

behaviour of protons in H-bonded systems like ice are proxies for more complex

biological systems [76]. Finally, the recent discovery of high temperature

superconductivity in hydrogen-rich systems like hydrogen sulphide [91–93] and

lanthanum super-hydride [94, 95] provides further need for accurate structural

information at high pressure - particularly with the discovery of the first room

temperature superconductor [96]. The superconductivity is believed to be driven

by the high polarisability of the hydrogen atoms which leads to strong electron-

phonon coupling to phonons with high frequencies [91, 92, 97, 98]. However,

to date no full structure (including hydrogen positions) of a hydrogen-rich high-

temperature superconductor has been determined experimentally.

The main reason for the gap in our understanding of the crystal structure of

hydrogen-rich systems is the inability to resolve the exact position of hydrogen

with synchrotron X-ray measurements (see chapter 2). Neutron diffraction is the

only reliable method to determine the proton (or deuteron) positions in a crystal

structure. Such measurements were the first to verify the model of hydrogen

bonds proposed by Pauling in 1935 [99] and to reveal the familiar bent shape of

the water molecule in ice Ih in 1949 [100]. However, until the advent of bright

spallation sources, the measurement of neutron powder patterns of sufficient

quality for structural refinement has been limited in pressure due to the large

sample volumes required for neutron diffraction (see chapters 3 and 4).

In the following introduction, I would like to shed light on the phase diagrams

of hydrogen and water, and to give an overview of the structural zoo of water’s

binary mixtures.
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1.1 Solid Hydrogen - Simple but Still a Mystery

The quantum-mechanical effect of exchange interaction forms one of the strongest

bonds known: the H-H bond. In this molecular configuration, hydrogen atoms

are separated by approximately 0.74 Å and show a bond-dissociation energy of

approximately 4.52 eV ([69, 101]) at ambient conditions. In table 1.1 the bond

dissociation energies and bond lengths of several strong bonds are compared.

To break the bond in molecular hydrogen extreme conditions are needed - at

3000 K only about 10% of the hydrogen is dissociated [102]. Pressure was

subsequently proposed as another mechanism to break the hydrogen bond; more

than 80 years ago, E. Wigner and H.B. Huntington predicted that, under pressure,

the H-H bond would break and a new, atomic, metallic solid state of hydrogen

would form [103]. It was theorised that the bonds would break at 25 GPa - an

assumption that has been proven wrong. Several phases above this pressure have

been discovered since (see phase diagram of hydrogen in figure 1.1).

Table 1.1 Bond length and dissociation energies of selected specimens at
ambient conditions [69]. The values for the C-C bond corresponds
to the diamond configuration of carbon.

Type Bond length / Å ∆H/bond / eV
H-H 0.74 4.52
C-C 1.54 3.69
N≡N 1.10 9.79
O=O 0.74 1.21

In 1968, Neil Ashcroft et al. suggested that metallic hydrogen might be a

superconductor, up to room temperature [104]. Several years later, Egon Babaev

et al. predicted that the the liquid, metallic state of H2 (and D2), would also be

a superfluid, making hydrogen the first superconducting superfluid [105]. This

alone makes hydrogen a unique and interesting subject to study.

Phase I hydrogen is a quantum crystal consisting of rotating hydrogen molecules

in a hexagonal close packed (hcp) lattice (see structure in the inset of figure 1.1).

It spans a large P-T range and remains an insulator in this phase [8].

Phase I melts, depending on the pressure, between 13.99 K (ambient pressure)

and about 900 K, where the melting curve reaches its maximum at about 80 GPa

[21, 106, 107].
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Figure 1.1 The phase diagram of hydrogen (top) and deuterium (bottom). The
solid lines are best fit curves with the form T (P ) = a + b · P + c ·
ln(P ) + d/P + e ·

√
P . Open symbols indicate measured transition

lines. The broke lines indicate assumed - but not yet measured -
phase lines. Data were taken from the following sources: L-I: [4–6];
I-II: [7–9]; I-III: [6, 8, 9]; I-IV: [6]; II-III: [8, 9]; III-IV: [6] .
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Between about 30 and 150 GPa, dependent on the temperature [7, 8, 108, 109],

the transition to phase II leads to discontinuous changes in the vibron spectra

and changes in low-frequency excitations. These transitions arise from lowering

of crystallographic symmetry (broken symmetry phase, BSP) by orientational

ordering of the molecules. Goncharov et al. determined the I-II-III triple at

155 GPa and 125 K (shifted to 167 GPa and 142 K for D2) [109].

Please note that, compared to hydrogen, deuterium’s phase II cuts in at a much

lower pressure - most likely due to the doubling of the mass of the free rotor

[90]. This is a fortunate coincidence for neutron-diffraction studies of the BSP in

deuterium as it significantly reduces the required pressure - usually the limiting

variable for neutron-diffraction - to observe this transition.

While phase I (and to a much lesser extent II) of hydrogen have been investigated

by X-ray and neutron diffraction [110–112], the exact structure of the phases at

higher pressure have not been determined since this pressure regime is (yet) not

experimentally accessible for neutron-sized samples. However, from Raman data

Howie et al. were able to determine the transition lines of the phases I, III, and

IV, with a triple point at roughly 225 GPa and 360 K [107, 113, 114]. Based

on the calculated structures and from the shape of the transition line, it can be

assumed that phase III is more ordered than both phases I and IV.

A comparison of computationally simulated structures for phases III and IV [10,

11] and the combined experimentally collected data from IR, Raman and X-

ray experiments fortify this interpretation: Phase III has most likely a fixed,

hexagonal structure, while Phase IV consists of hexagonal, graphene-like, sheet

structure of hydrogen with intercalated molecular hydrogen between the layers.

The modelled structures are depicted in figure 1.2.

Probably the most interesting transformation is the IV-IV’-V transition first

reported by Dalladay-Simpson et al. in 2016 [6]. Although there is no distinct

transition line between the phases, a remarkable Raman shift at pressures above

275 GPa can be observed [107]. Furthermore, the material properties seem to

change from an insulator (in phase IV) to a semiconductor (in phase IV’) due

to a narrowing of the band gap. It is perceived that the H-H bonds in the

graphene-like layers of molecular hydrogen in phase IV start to dissociate and

form a partially atomic network resulting in conducting layers of hydrogen in
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Figure 1.2 Left: Structure of phase III [10]. Right: Structure of phase IV [11].
The structures were visualised with the VESTA software package.

phase V. This, together with the increase of reflectivity of the hydrogen, indicates

a closing of the band gap and makes phase V probably the first confirmed phase of

(partially) metallic hydrogen. However, the presence of a second vibrational mode

in the Raman spectrum of phase V even above 380 GPa rules out a completely

dissociated hydrogen in phase V.

Another theory of the IV-IV’-V transition arose shortly after the publishing of

Dalladay-Simpson’s work. It is assumed that this phase transition is nothing but

the transformation of phase IV into phase V, with phase IV’ being a mixed phase

of both phase IV and V.

Shortly after Dalladay-Simpson’s publication, Eremets et al. published a study of

hydrogen at even higher pressures of about 360 GPa and at temperatures <200 K

[115]. Hydrogen at these conditions shows featureless Raman spectra, a strong

drop in resistance, and absence of a photoconductive response, indicating a phase

VI at this pressure and temperature [115]. This would mean an onset for the IV-

V transition in H2 at about 275 GPa (and at about 310 GPa for D2).

Since than, several other papers have been published, claiming to have reached

pressures up to 495 GPa, and showing evidence of an atomic metallic, phase

of hydrogen (MH) [116, 117]. However, the setup used to do so was designed

to produce pressures up to 500 GPa rather than measuring the sample at these

conditions: Neither Raman scattering nor X-ray diffraction can be used at these

conditions without damaging the DAC. The claim to have produced metallic

hydrogen only rests on IR measurements of the reflectance of this sample. There

are several arguments that the gasket rather than the sample has been measured

in these studies.
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1.2 Water and Gas Hydrates:

Model Systems for Hydogen-bonds

Water, due to its abundance and simple geometry, is a very good candidate to

study intermolecular interactions such as hydrogen bonds (H-bonds), Van-der-

Waals interactions, and hydrophobic interactions. From a purely physical point

of view, the hydrogen bond O-H· · ·O can be considered a ”particle in a box”, that

is a simple wavefunction in a potential well. It is hence one of the only systems

in which principles of quantum mechanics can be observed directly. However, the

H-bond and the other interactions mentioned above are relevant to a multitude

of other subjects; a chemist is interested in the properties of water as a solvent,

that is its interaction with other molecules, and its reactivity [69, 118]; a biologist

might be interested how water interacts with the DNA, its influence on protein-

folding and - on a more fundamental level - how H-bonds in DNA and proteins

behave [76]; for the astronomer water is relevant to model the evolution of planets

and moons and the geologist finds high-pressure phases of water as minerals on

Earth. This abundance of subjects relying on an accurate description of the

small, covalently-bonded hydrogen-oxygen compound and makes water probably

the most studied molecule on Earth.

1.2.1 The Phase Diagram of Pure Water

The Encyclopædia Britannica writes the following words about water: ”Water,

a substance composed of the chemical elements hydrogen and oxygen and

existing in gaseous, liquid, and solid states. It is one of the most plentiful and

essential of compounds. A tasteless and odourless liquid at room temperature,

it has the important ability to dissolve many other substances. Indeed, the

versatility of water as a solvent is essential to living organisms. Life is believed

to have originated in the aqueous solutions of the world’s oceans, and living

organisms depend on aqueous solutions, such as blood and digestive juices, for

biological processes [...] Although the molecules of water are simple in structure

(H2O), the physical and chemical properties of the compound are extraordinarily

complicated, and they are not typical of most substances found on Earth.” [119]

This alone is reason enough to study water, its physical and chemical properties,

and of course its interaction with other substances.
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Figure 1.3 Left: Structure of a single H2O molecule as used in the TIPS-water
model. Right: Scheme of the interaction in liquid water. The
four hydrogen bonds formed between H and O are clearly visible.
Structure according to Wallrafen 1964 [12].

Water’s chemical formula is H2O: one molecule of water has two hydrogen atoms

covalently bonded to a single oxygen atom. On Earth it appears in all three

common states of matter. In the liquid and gaseouse state, the H-O-H angle

is 104.5o, and the distance between H and O is approximately 0.957 Å [120].

Since the water molecule is not linear and the electronegativity of oxygen (3.44

according to Pauling) is higher than that of hydrogen (2.20 according to

Pauling) water is a polar molecule with an electrical dipole moment [121]; the

oxygen atom carries a partial negative charge, whereas the hydrogen atoms carry

a partial positive charge [122].

Water forms four hydrogen bonds which is an unusually large number for such

a small molecule. These two factors give rise to the strong intermolecular

interaction between water molecules, and between water molecules and other

polar agents such as salts, sugars, acids, bases, and some gases. The consequences

of the strong interaction can be observed in many macroscopic phenomena such

as the high surface tension or the capillary effect of water. Also the strong

interaction results in the high specific heat capacity of liquid water 4185.5 J/(kg·
K) (per definition 1 cal/(g·K) at 15 ℃ and 101.325 kPa) as well as a high heat

of vaporization of 2257 kJ/kg [123, 124]. These values are used as a reference for

all other substances.

It is commonly known that water at ambient pressure freezes per definition at

0 ℃ and boils at 100 ℃ . These two points are the reference for the Celsius-
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temperature scale. However there are more phases of water known than ice,

water and vapour. In total the phase diagram of water contains 11 different

stable crystalline ice phases (Ih, II, III, V, VI, VII, VIII, X, XI, XV, XIX). In

addition, three amorphous phases (LDA, HDA, VHDA), and 8 metastable ones

(Ic, IV, IX, XII, XIII, XIV, XVI, XVII) are known [125]. Furthermore, many

other structures of ice are possible, if guest molecules are present [77]. Most of

Earth’s water is in the liquid state. The most abundant among the crystalline

phases is hexagonal ice Ih which is the thermodynamically stable ice if water is

cooled below 0 ℃ at ambient pressure. In figure 1.4 the stable crystalline phases

are shown.

Figure 1.4 The phase diagram of water. The grey lines are best fit curves with
the form T (P ) = a+ b ·P + c · ln(P ) + d/P + e ·

√
P taken from [13].

The open circles indicate measured data points. The data points
and phase lines were taken from the following sources: L-I: [14–16];
L-III: [14, 16]; L-V: [14–16]; L-VI: [14–17]; L-VII: [18–25]; L-X:
[24, 25]; I-II: [14, 26]; I-III: [14, 26]; I-XI: [27, 28]; II-III: [14];
II-V: [14, 29]; II-VI: [29]; III-V: [14]; V-VI: [14, 29]; VI-VII: [30–
32]; VI-VIII: [30, 33]; VII-VIII: [34, 35]; VI-XV: [36, 37]; XV-XIX:
[37].
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If looking at the structure of solid water, ice rules are basic principles to arrange

water molecules and their atoms in water ice. They are also known as Bernal-

Fowler-rules, after British physicists John D. Bernal and Ralph H. Fowler who

first described them in 1933 [126]. The rules state that:

• Each oxygen is covalently bonded to two hydrogen atoms.

• Oxygen atoms in the water molecule form two hydrogen bonds with other

water molecules.

• There is precisely one hydrogen between each pair of oxygen atoms

In accordance with the previous discussion, every oxygen is therefore bonded to

the total of four hydrogens, of which two bonds are strong (covalently bonded)

and two are much weaker (H-bond). Every hydrogen is bonded to two oxygens,

strongly to one and weakly to the other.

The resulting configurations are geometrically periodic lattices. In real ice

samples, however, there is no perfect periodic lattice because of the existence

of Bjerrum-defects, crystallographic defects specific to ice that violate the third

rule stated above. Two Bjerrum-defects can be discriminated: The first or L-

defect refers to the German word ”leer” (engl.: empty). An L-defect accords

to the missing of an hydrogen atom, so that two oxygens are linked (O· · ·O).

The second, or D-defect refers to the German word ”doppelt” (engl.: double),

and occurs if two hydrogens are linked (O-H· · ·H-O). Another category of point

defects is known: ionic defects. These defects occur if a water molecule is replaced

by a ionic molecule, e.g. H3O+ and OH−, violating the first of the Bernal-Fowler

Rules. In addition to point defects also other defects known as dislocation or

displacement defects are known [120].

Point defects are highly important for phase transitions, for most transformations

start at a defect. Starting from this point the molecules reorganise, until they

form a new (thermodynamically stable) phase.

1.2.2 Mixing Water and Gas - The Gas Hydrates

So far only pure water phases has been discussed. However, it is known that many

other small molecules (mainly gases) can interact and be incorporated in water

structures and form (gas) hydrates, which were first discovered in the early 19th
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century by Sir Humphry Davy (1778-1829) while leaving a mixture of chlorine and

water in his laboratory [127]. Because of the cold English winter, a gas hydrate

was formed by crystallisation. For example, chlorine hydrate is formed at about

9 ℃. The first big attempts to synthesise and study such compounds were made

in 1930-1950 due to the discovery of hydrate-crystallisation in oil-pipelines [128].

Since 1980, gas hydrates have been studied because of their ability to store large

amounts of gas: on Earth, and estimate of 50-80% of all fossil fuel is stored as

methane-clathrates [129–131].

Because of the shear abundance of of gases and stochiometric combinations a

vast quantity of gas hydrates exists, however, most gas hydrates have very similar

structures. The two most common types of gas hydrates are clathrate hydrates

and filled ices which shall be discussed in the following.

Clathrate Hydrates have their name from the Latin word clathratus, meaning

‘with bars, latticed’. They consist of hydrogen bonded water cages, which are

stabilized by guest molecules [70, 130, 132, 133] and are therefore a special form

of an inclusion compound. Water molecules form as a host-lattice, in which

other molecules, the guests, are enclosed. The latter are thereby essential for

the formation of clathrates, since the guests stabilise the overall structure and

stops the H2O lattice from collapsing. This, however, does not mean that all

cavities need to be filled in order to stabilise the structure; various filling ratios for

clathrates have been reported, although, the stability usually decreases with the

filling ratio. A special case of an empty clathrate is the metastable ice XVII which

is obtained by pumping guest molecules out of an sX-type clathrate - a special

case of a clathrate with helical channels rather than with cages (see chapter 8).

This clathrate-structure can also be found in other inclusion compounds such as

metal-organic-framworks (MOF) [134]. The question whether the water-analogue

NH4F also forms clathrates remains open [70].

Clathrate hydrates are by far the most common gas hydrates in our Solar System.

Beside their already discussed abundance as methane-hydrate on Earth, moons

such as the Jovian satellite Ganymede, consists of high-pressure ice phases

including ice VI [135]. Marboeuf et al. studied the composition of ices in

extrasolar planets [136]; they found that during the cooling of planetary disks

CO2 freezes as a pure condensate in contrast to CO, CH4, NH3 and other small

gases, which form clathrate hydrates [137]. Senft et al. modeled the formation of

craters on icy satellites through impact of projeticles (e.g. asteroids or comets).
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Figure 1.5 Clathrate hydrates as an example for inclusion compounds.
Depending on the size, as well as the physical properties, of the guest
molecule(s), different structures can be formed, e.g cubic structure
sI and sII or the hexagonal structure sH.

They assumed pure H2O ice for the projectiles and targets [138]. In the case of

mixed ices (e.g. H2O and CO2) first ice VI and solid CO2 could be generated and

finally develop into clathrate hydrates.

Depending on the guest size and interaction with the water lattice, several water-

cages and therefore clathrate types are possible. The water-cages are usually

formed from Platonic and Archimedean solids and are described in a short

notation of the constituent shape(s) and the number of respective faces of this

shape as an exponent; the cage 512, for example, constitutes of 12 pentagons

(a regular dodecahedron) and the cage 51262 constitutes of 12 pentagons and 2

hexagons. The three most common clathrate-types sI, sII and sH are shown in

figure 1.5; moreover the structures sIII, sT, and sX (s-”chi”) are known. The exact

composition of the structures is summarised in table 1.2. The three structures sI,

sII and sH are thereby usually found at ambient pressure and which of the two

is formed is dictated by the Van-der-Waals radius of the guest. Small molecules

(VdW-radius <5 Å) occupy the small 512 cages in sII whereas large molecules

(VdW-radius >6 Å) can only occupy the largest cages in sII and sH, 51262

and 51268, respectively. Note that sH usually requires both a small and a large

molecule to sufficiently stabilise this structure at ambient conditions. Molecules

of medium size, 4 Å< r <6 Å, on the other hand usually fill the 51262 cavities,

which are most abundant in the sI structure. With increasing size of the guest, the

preferred crystal structure for the formed hydrate is therefore sII→ sI→ sII→ sH

[70, 71].
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Table 1.2 Comparison of observed clathrate hydrates [70–72]. Beside these
clathrate structures, several theoretical structures based on the
observed water-cages do exist; for more details on them see Sloan
[70].

Space Group LP / Å Cages nH2O ncavity
sI Pm3n a = 12.03 2x512, 6x51262 46 8

sII Fd3m a = 17.31 16x512, 8x51262 136 24

sIII P42/mnm a = 23.18 10x512, 16x51262, 172 30
c = 12.15 4x51263

sT P321 a = 35.0 425861, 51262, 51263, 12 0.5
a = 12.4 4151063

sH P6/mmm a = 12.30 3x512, 2x435663, 1x51268 34 6
c = 10.20

sH-Iq P6/mmm a = 11.99 3x512, 2x51262, 2x51263 40 7
c = 11.51

sX P6122 a = 6.28 helical 6 N.A.
c = 6.30

While the sIII structure is also formed at ambient pressure, it is somewhat of an

oddity; as of now it has been observed only in the bromine-water system and is

as such a rare clathrate [139].

While the above discussed structures all appear at ambient conditions, several

clathrate structures are known that only form under high-pressure; several of

them can be quench-recovered and exist at ambient pressure as metastable

structures. Figure 1.6, shows the effect of pressure on the crystal structures

of various clathrate hydrates. Among the first to investigate the high-pressure

behaviour of gas hydrates were Loveday et al. [42]. They observed that the cubic

structure sI in methane hydrate (MH-I) transforms with increasing pressure into

the hexagonal structure sH (MH-II) [42, 70]. At pressures above 1.8 GPa, the

sH structure then forms a third methane hydrate (MH-III) which belongs to the

family of the filled ice structures (FIS, see below). This behaviour of rearranging

cages can be observed in nearly all other clathrate hydrates. A special place

amongst the high-pressure clathrate hydrates is occupied by the sX structure; so

far only observed in H2, O2 and CO2, it forms helical channels rather than cages.

Its structure is discussed in detail in section 1.2.3 and chapter 8.
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Figure 1.6 Stability region of water ice (orange) and CO2, CH4, N2, and
H2 hydrates, respectively, at a temperature of about 250 K. The
transition pressures at about 250 K are taken from Loveday et al.
(2008) and Massani et al. (2017) [38, 39].

Presently many different routes to synthesise clathrate hydrates are known;

starting from vapour deposition followed by an annealing procedure clathrate

hydrates are formed [140–143]. Additionally liquid-liquid, liquid-gas or solid-gas

interface methods exist [144–147].

Filled Ices As mentioned above, one of the first clathrates to be thoroughly

studied under high-pressure was methane hydrate (MH), known as ”burning ice”,

which forms an orthorhombic filled ice structure above 1.8 GPa. In contrast to

clathrates, filled ices do not form cages to enclose the guest molecule, but rather

enclose the guest in an ”ice-like” structure. The structure of methane hydrate,

for example, is remarkably similar to the structure of ice I with the methane

molecules sitting in the channels of the H2O network formed by the hexagonal

rings (see fig. 1.7). Similar structures are known based on the ices II and XVII

(”empty clathrate”). Due to the small channels in water ice, usually only rather

small molecules can form this type of inclusion compound and hence it is not

surprising that most other filled ices have H2 or a noble gas a guest-molecule.

Hydrates of Polar Gases While apolar molecules and gases form inclusion

compounds as a result of the hydrophile-hydrophobe interaction between water

and guest, polar molecules form crystal structures which do not show a host-guest

type inclusion compound. An exception to this rule is SO2 which forms a type I

clathrate despite its affinity for water [39].
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Figure 1.7 Comparison of the structures of ice I (left) with a filled ice structure
of helium.

1.2.3 Water and Hydrogen - The Hydrogen Hydrates

At ambient pressure, hydrogen and water exist as a two-phase mixture; only

at slightly elevated pressures and low temperatures a hydrate is formed. The

formation of this hydrogen sII was first observed by Mao et al. [148], however,

hints of the existence of sII were observed earlier by Dyadin et al. [149, 150]. Its

crystal structure is the traditional clathrate structure described above. A unique

feature of hydrogen sII is that multiple molecules are required to stabilise the

clathrate cavities sufficiently, due to the very small size of H2 molecules compared

to other sII-guests such as N2 or Ar. Neutron diffraction data suggest a maximum

hydrogen content of 3.77 wt % with a maximum of four H2 molecules in the large

cage and one in the small cage [40]. This neutron study also showed that there

is an ordering transition in the H2/D2 molecules below 50 K. Above 50 K the

hydrogen/deuterium is randomly distributed and mobile in an approximately

spherical shape in the large cage, and below 50 K the H2 form an ordered

tetrahedron.

If sII is compressed at liquid nitrogen temperature to beyond 0.1-0.2 GPa and

then warmed up, two phases can be observed: C−1 and C0. The former was

proposed by Donnelly et al. only in 2016 [41]; this C−1 structure has a P63mmc

symmetry and at P = 0.4 GPa and T = 100 K the lattice parameters are

a = 4.5442(1) Å and c = 7.1637(4) Å based on neutron diffraction data. This

structure corresponds to an ice Ih host D2O network with guest atoms located in

the hexagonal channels making it a filled ice.
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Figure 1.8 Variation of the D2 distribution in the cages of deuterium clathrate;
the guest D2 molecules are highlighted in yellow. Below 50 K, the
guest molecules are localized but with increasing temperature, the
molecules can rotate more freely, yielding a nearly spherical density
distribution. Figure adapted from [40].

On the other hand, the latter C0 phase belongs to the sX gas hydrates and was

first discovered by Efimchenko et al. [151]. As such it stands out; the water

lattice is chiral and has channels rather than cages. It is not based on a stable ice

structure (like the filled ice II structure [152]), and its network does not have an

analogue in either silica or zeolite structures [153, 154]. It does, however, exist

in some ternary Zintl compounds and has been suggested as a metastable group-

14 structure [155–157]. The structure proposed initially was based on channels

that contained sites partially occupied by non-hydrogen bonded water molecules

[151]. Based on the observed high mobility of hydrogen in this structure [151]

and molecular-dynamics modelling, Smirnov et al. proposed what emerged to be

the correct structure: they suggested that the water molecules in the channels

were in fact nitrogen molecules that had been absorbed from the liquid storage

medium between recovery and the diffraction measurement [158]. Subsequently,

del Rosso et al. were able to empty C0 of hydrogen and to identify the structure

as a new form of ice, ice XVII [159, 160]. Finally, Amos et al. found that sX

also exists in the carbon dioxide:water system and determined the full structure

of both hydrogen and carbon dioxide hydrates in-situ using neutron diffraction

[154].
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Figure 1.9 The phase diagram of the hydrogen-water system as shown in
Donnelly 2016 [41]. Please note that broken lines do not denominate
phase boundaries but rather a line at which the respective other phase
first appears.

In the pressure range from 0.9-3.0 GPa the dominant phase (coexisting with C2

from 2.3 GPa) in H2-H2O is C1. Historically this was the first hydrogen hydrate

that was found. Similar to C−1, it is a filled-ice structure based on ice II. The same

structure can be found in He hydrate, which is not surprising given the similar

size and physical properties of H2 and He. C1 exhibits a hexagonal unit cell with

a = 12.736(2) Å and c = 5.968(2) Å around 2 GPa, an ordered H-bond network

and freely rotating H2 located in the channel. Finally, C2 phase of hydrogen

hydrate is yet another filled ice based on ice Ic. It can be described by a cubic

space group Fd3m with a = 6.43 Å and an ordered hydrogen network similar

to ice Ic, with the H2 molecules occupying the voids. It can also be described

as an ice VII analogue with one of the interpenetrating H-bond networks being

replaced entirely with H2; this results in a maximum H2:H2O ratio of 1:1 - about

10 wt % [161].
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1.2.4 Water and Methane - The Methane Hydrates

As mentioned above, one of the first clathrates to be researched in detail was

methane hydrate (MH), also known as ”burning ice”. Its abundance on Earth

exceeds any other deposits of fossil fuel with about 50-80 % of the Earth’s methane

being stored as methane hydrate [129–131]. As it only forms under pressure and

at low temperatures, most deposits can be found in permafrost or at the bottom

of the ocean. It is not surprising that energy companies try to find a way to

exploit these deposits.

Figure 1.10 The methane hydrate phases as given by Loveday et al. [42]. Please
note that broken lines do not denominate phase boundaries but
rather a line at which the respective other phase first appears.

An interesting trivia might be that the danger of the Bermuda triangle and the

disappearance of aircraft and ships under ”mysterious circumstances” is a result of

enormous deposits of MH. The P/T -conditions in this part of the North Atlantic

Ocean are near the dissociation curve of methane hydrate so that a stream of

warm water is enough to shift the equilibrium in a way that MH dissociates;

large quantities of methane are released and form large bubbles on their way to
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the surface - ships and aircraft which enter one of these bubbles are irrevocably

doomed. Methane hydrate is also an important substance to understand the

mystery of the atmosphere of Titan, Saturn’s largest satellite (among other icy

satellites) [42]. Conventional theory could not explain the abundant methane gas

in Titan’s atmosphere because the MH-I inside Titan was assumed to decompose

into ice and methane around 1-2 GPa. The gaseous methane then would have

escaped to the atmosphere where it would have been decomposed by radiation in

the early stage of Titan’s history [86].

From a structural point of view, the low-pressure phase of methane hydrate

(MH-I) forms the cubic sI clathrate structure allowing for a H2O:CH4 ratio

of 5.75:1. The melting curve of MH-I rises steeply with pressure, reaching a

maximum at about 320 K and 0.5 GPa and is stable up to about 0.8 GPa at

which point it transforms into mehane hydrate II. First discovered by Loveday et

al. [42] in 2001, the sH clathrate structure was proposed for MH-II. Assuming an

ideal occupancy of one methane molecule per cage (H2O:CH4 ratio of 5.67:1) this

would suggest that upon the transition to MH-II methane is lost by degassing;

However, Loveday et al. showed that in the sH clathrate some cages are occupied

by more than one methane molecule allowing, for a higher methane:water ratio.

Finally, at pressures beyond 2 GPa MH-II transforms into MH-III. This structure

consists of an orthorhombic filled ice structure based on the lattice of ice Ih, in

which methane is embedded in the hexagonal channels of hexagonal ice I [42, 162].

1.2.5 Water and Ammonia - The Ammonia Hydrates

Compared to the other gas hydrates relevant to this thesis (CH4 and H2),

ammonia exhibits a much more complicated phase diagram. The reason for this is

the strong tendency of NH3 to form hydrogen bonds with H2O, and therefore, no

conventional clathrate or filled ice structure can be observed in NH3-H2O system.

The N-H· · ·O and N· · ·H-O hydrogen bonds on the other hand are highly relevant

as proxies for the hydrogen bonds in proteins and the DNA molecule; both types

of biomolecules rely heavily on this simple bonding mechanism for their folding,

replication and overall functionality (see biochemistry textbooks such as Stryer

[76]). In general, the ammonia-water system forms three families of phases each

based on the stochiometry: ammonia hemihydrate (AHH, H2O·2NH3), ammonia

monohydrate (AMH, H2O·NH3), and ammonia dihydrate (ADH, 2H2O·NH3).
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Figure 1.11 The ammonia-water phases. For reasons of simplicity AHH-I is
not shown. Please note that broken lines do not denominate phase
boundaries but rather a line at which the respective other phase first
appears. The grey lines in the background give the phase diagram
of water as a reference. The melting curves and phase boundaries
are taken from [42–47].
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The abundance of ammonia in the outer Solar System is thought to be 15 %.

In contrast, the abundance of water is thought to be 45 %. This suggests that

ammonia-water is one of the main phases in this region of the Solar System

[163, 164]. It also explains why most studies were undertaken to investigate the

water-rich ammonia hydrates AMH and ADH rather than the ammonia-rich AHH

phases. However, it is noteworthy that the end-member phase of the NH3-H2O

system at elevated pressure and temperature is usually AHH-II or DMA (see

later).

AHH Ammonia hemihydrate, H2O·2NH3, crystalises from a 1:2 solution of

water in ammonia at about 195 K in the Pbnm space group. At 110 K this

ambient pressure phase has the lattice parameters a = 8.322 Å, b = 8.353 Å,

and c = 5.280 Å [57]. For long it has been considered the least important of the

ammonia-water phases due to its unlikely presence in the Solar System. Rather

recent research however suggests that it is more important than assumed since

it is a precursor for AHH-II which is suspected to be abundant in the outer

Solar System (see phase diagram for AMH and ADH in figure 1.11). This second

ammonia hemihydrate has a monoclinic structure with space group P21/c and

the lattice parameters at 3.5 GPa. a = 3.358 Å, b = 9.215 Å, c = 8.933 Å, and

β = 94.331o [46].

AMH When the phase diagram of AMH was first published, six phases

were proposed [57]. Later it was found that AMH-V was actually ammonia

hemihydrate II (AHH-II) which is formed upon heating AMH to about 265 K

at pressures above 2 GPa. Under these conditions ammonia monohydrate

dehydrates to AHH-II and ice VII/VIII [46]. The five phases of AMH are labelled

in Roman numerals I-IV and VI; a full structural solution including space group

and atom positions has been published for only three of them (AMH-I, II, and VI).

The ambient pressure phase, AMH-I, crystallises as an orthorhombic crystal in

the P212121 space group and has - at 110 K - the lattice parameters a = 4.511,

b = 5.587, and c = 9.715 [57]. Upon pressurising to about 0.5 GPa, AMH-I

transforms into AMH-II. The unit-cell parameters were obtained as a = 18.868 Å,

b = 6.948 Å, and c = 6.859 Å (space group Pbca). This structure contains

water molecules that are hydrogen bonded to form a crankshaft chain extending

infinitely along the c-axis [56].
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At about 2.5 GPa AMH-II again, turns into AMH-IV, and upon heating AMH-II

to 210 K, it transforms into AMH-III - for these two phases no structural solution

has been published yet; AMH-II has also been observed to coexist with ADH-II

after melting of ADH I at 0.45 GPa at 179 K [44].

Finally, the last phase of ammonia monohydrate, AMH-VI, is formed by heating

AMH to 270 K above 4 GPa and was solved by Loveday & Nelmes in 1999

[45]. They determined the cubic structure with the space group Im3̄m and the

lattice parameter a = 3.273 Å neutron diffraction. Interesting enough, AMH-VI

thereby exhibits a hydrogen-bonded disordered molecular alloy (DMA) in which

the two possible atom positions in AMH-VI (0,0,0) and (1/2,1/2,1/2) can equally be

occupied by either an ammonia or a water molecule. It has been suggested that,

because of this substitutional disorder, the DMA structure could accommodate a

wide range of non-stoichiometric hydrate compositions, an assumption that later

was proven to be true by finding the DMA phase also in the ADH phasespace.

Because of that, Wilson et al. suggested the nomenclature DMA-AMH instead

of AMH-VI (and similarly DMA-ADH for the equivalent phase in ADH) [43, 46].

ADH Similar to AHH and AMH, an ambient pressure phase of ADH can be

obtained by cooling a 2:1 solution of ammonia and water to about 180 K. The

crystal structure for this ADH-I has been solved by Fortes et al. in 2007. They

determined the space-group to be P213 with the lattice parameter a = 7.127 Å

at 150 K [43]. By compression of ADH-I to above 0.47 GPa at 175 K, ADH-II

(P21/n, a = 6.075 Å, b = 6.726 Å, c = 7.783 Å, β = 102.107o) can be obtained

as a single-phase. Upon warming at 0.55 GPa, the high-pressure phase ADH-II

breaks down to the high-pressure AMH-II [47]. Warming of ADH II at 0.55 GPa

results in a phase transformation at 190 K to ADH III and pressurising ADH-II

or ADH-III to 0.6 GPa forms AMH-IV. For none of these phases a structural

solution has been published so far [43].

However, if pressurised beyond 6.3 GPa or upon heating, DMA-ADH can be

obtained. The fact that the AMH-IV to DMA boundary can be crossed reversibly

provides the first direct evidence that (at least for the 2:1 ammonia:water

composition) DMA is a thermodynamically stable phase and not a metastable

form with frozen-in disorder [46].
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A summary for the phase diagram of the ammonia-water system is shown in

figure 1.11. Please note that broken lines do not denominate phase boundaries

but rather a line at which the respective other phase first appears. The grey line

in the background give the phase diagram of water as a reference.

1.3 Aim for this Work

The underlying aim as already given in the title of this thesis is the evaluation

of hydrogen rich systems under pressure by the means of neutron diffraction -

the only reliable method to determine the crystallographic positions of hydrogen

atoms in a crystal structure. The first part of this thesis will try to push the

boundaries of possibility for single crystal neutron diffraction. Namely to go to

smaller sample sizes than what has been possible before. This allows for the use

of diamond anvil cells in single crystal neutron diffraction - the end goal here is

the reliable determination of the crystal structure of hydrogen and deuterium in

the pressure range up to 100 GPa.

In the second part, I will investigate the crystal structures of gas hydrates; in

particular I will shed light on the sX-hydrate formed from water and N2 and

the structure of the still unknown ammonia monohydrate IV. Furthermore, a

study of the ternary system ammonia-methane-water (as it is found in planets)

is presented. In the last chapter a fruitless attempt to determine the hydrogen

positions in carbonic acid monohydrate is shown.
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Chapter 2

On Crystallography

Figure 2.1 A solid can either be
(a) crystalline, (b) polycrystalline (con-
sisting of several crystallites that grew
together), or (c) amorphous.

In general, solids can be divided into

three different distinct classes as shown in

figure 2.10. A crystal is, thereby, a solid

material with a highly ordered microscopic

structure. All constituents (atoms or

molecules) are arranged in a periodic way,

forming a three-dimensional lattice that

extends (in the ideal case infinitely) in all

directions. This leads to a macroscopic

structure which is already pre-defined by

the way the smallest elements of it are

arranged, e.g. the geometrical shape of

a quartz is that of a six-sided prism

terminating with a six-sided pyramid at the end. However not all solids consist of

a single crystal. It is possible that two or more crystalline domains (crystallites

or grains) grow together to form a polycrystalline solid. A third possibility is that

of an amorphous solid, which is a solid that completely lacks long-range order.

Amorphous materials are not in thermodynamic equilibrium and are therefore

metastable. They have the form of a ”liquid with frozen dynamics”.

In this chapter only single crystals (and to a much lesser extent polycrystalline

materials) are discussed. This includes a description of the microscopic structure

and an introduction to various diffraction techniques which are used to find the

structure of a crystal.
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2.1 Describing Crystals

As aforementioned, crystals consist of an array of atoms, molecules, or ions

arranged in a periodic lattice. Fundamental for the understanding of crystals is

the concept of the Bravais lattice (after Auguste Bravais, 1811-1863). Elements

in a Bravais lattice can be atoms, ions, molecules, or even groups of molecules -

a Bravais lattice only shows the underlying periodic structure in a crystal. The

definition - as taken from Ashcroft and Mermin (1976) - of a Bravais lattice is

”[...] an infinite array of discrete points with an arrangement and orientation

that appears exactly the same from whichever point the array is viewed” [104].

Therefore, a Bravais lattice can be mathematically described by a vector R that

goes from the origin of the lattice to any other lattice point.

R = n1a1 + n2a2 + n3a3 (2.1)

The lattice the vectors ai generate is called a direct lattice. In figure 2.2, the

vectors of a such a direct lattice are shown. This definition of a lattice, however,

is ambiguous since there are several ways to satisfy this definition. The three

most important ones are given below [165, 166].

1. Primitive cells. A primitive cell is defined as an arbitrary volume of space

that, when translated through the vectors of the lattice, fills all of space

without overlapping itself or leaving voids. There is no unique way of

choosing a primitive unit cell as long as it contains precisely one lattice

point [166]. In figure 2.2 two possible primitive cells in a 2-D lattice are

depicted by the light areas.

2. Wigner-Seitz cells. This type of cell is a special case of a primitive cell.

It is defined as the volume element that is closer to one lattice point than

to any other lattice point; as such it can be constructed by planes half

way between two lattice points and perpendicular to the line joining them

[166, 167]. In figure 2.2 the square cell is a W-S cell. The Wigner-Seitz cell

of the reciprocal lattice (see later) is called the (first) Brillouin zone.

3. The conventional unit cell (short: unit cell). Usually, this cell is chosen to

be bigger than above cells. The main difference to the above stated cells

is a higher element of symmetry. The vectors of a unit cell are a subset of

Bravais lattice vectors. Examples for such cells are the face centered cubic

structure (fcc) and the body-centered cubic structure (bcc).
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Figure 2.2 Projection of a Bravais lattice
viewed along the a3 direction. The three axis
are given by the vectors a1, a2, and a3. Every
lattice point can be reached by a vector R =
n1a1 + n2a2 + n3a3. The shaded areas give two
possible primitive unit cells.

The numbers that specify the size and shape of a cell are the lattice constants,

e.g. the lengths a, b, and c and the angles α, β, and γ.

Within a unit cell the coordinates of the respective atoms (or ions) are usually

given in fractional coordinates [166].

d = x1a1 + x2a2 + x3a3 (2.2)

To give the relative position of an atom in a cell is of particular importance

for lattices with bases. For example, the sodium chloride crystal (alternating

Na+ · · ·Cl−) can be represented as a face-centered cubic lattice with a two-atom

basis (one with all the Na+-ions and one with all the Cl−-ions). All the sodium

atoms are thereby at a spatial position 0 and the chlorine ions are at the spatial

positions 1
2
,0,0 - so shifted by a half along the a1 direction.

A concept equally important to solid state physics as the direct lattice is the one

of a reciprocal lattice which is the Fourier transform of the direct lattice. In this

lattice, every vector bi is perpendicular to two vectors of the direct lattice and

has the length of 1/dhkl, the d-spacing of two lattice planes in the (hkl) direction

of the reciprocal lattice[168]. It can therefore be generated by the vectors

b1 = 2π
a2 × a3

a1(a2 × a3)
,

b2 = 2π
a3 × a1

a2(a3 × a1)
, (2.3)

b3 = 2π
a1 × a2

a3(a1 × a2)
.

Since the reciprocal lattice is the Fourier transform of a Bravais lattice, it is also a
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Bravais lattice. The reciprocal lattice of a reciprocal lattice, then, is the original

direct lattice again. The reciprocal lattice exists in reciprocal space (momentum

space, k-space), and therefore, it is possible to define a reciprocal lattice vector

K in the reciprocal space

K = hb1 + kb2 + lb3. (2.4)

Another way to look at the reciprocal lattice is the following: a direct lattice

with an array of lattice points at R can be, due to the definition of a Bravais

lattice, described as a plane wave eik·r. This, however, is only true for a set of

wave vectors K, that have the periodicity of the Bravais lattice. Therefore, it is

possible to write

eiK·(r+R) = eiK·r. (2.5)

Due to definition lattice and reciprocal lattice vectors satisfy equation 2.6, with

δij being the Kronecker delta (δij = 0 for i 6= j; and δij = 1 for i = j).

bi · aj = 2πδij (2.6)

To describe a crystal and its structure, the Miller Indices h, k, and l are

commonly used. It follows from equation 2.4 that h, k, and l are the coefficients

to the vectors of a reciprocal lattice. Each set of coefficients therefore corresponds

to a plane (hkl) in the direct lattice. From a crystallographic point of view, the

(hkl) values are a set of integers with no common factors, which are inversely

proportional to the intercept of the crystal axis with the respective plane [166].

h : k : l =
1

x1

:
1

x2

:
1

x3

(2.7)

In figure 2.3, three such lattice planes of a simple cubic lattice are emphasised

in grey. The first plane thereby intersects the crystal axis at x1 = 1 and at

x2 = x3 =∞. Hence, this plane is the (100)-plane because h : k : l = 1
1

: 1
∞ : 1

∞ .

If a negative integer is used to describe a crystal, it is usually written with a bar,

as in 1̄ for -1 (e.g. the equivalent of the (100) plane in the -a1 direction is (1̄00).

Furthermore, different parentheses are used to describe different crystallographic

properties:
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• (hkl) denotes the crystallographic plane

• {hkl} denotes the family of planes (planes that are parallel)

• [hkl] denotes the crystallographic direction perpendicular to the (hkl) plane

• 〈hkl〉 denotes the set of all directions that are equivalent to [hkl][166].

So far only the translation symmetries of a Bravais lattice were discussed, e.g.

the translation of a lattice point along a lattice vector R. Such a translational

operation Tr that takes a lattice into itself is called a symmetry operation.

In a mathematical sense a symmetry group of an object is the group of all

transformations under which the object is invariant with composition as the group

operation. For the description of the full symmetry of a crystal, therefore also

the operations of rotation, reflection, and inversion have to be taken into account.

For a cubic crystal system, for example, a rotation of 90° about a line in the 〈100〉
direction yields the same crystal structure: also, a rotation of 120° about a line

in 〈111〉 direction does so.

The full symmetry group of a Bravais lattice therefore contains:

1. Translation through Bravais lattice vector R

2. Rotation around or inversion through a fixed point or plane.

3. Operations by successive applications of 1. and/or 2.

Ignoring the first point and therefore the translational symmetry, one only

considers operations such as rotation through an n-fold axis, reflection through

a mirror plane, and/or inversion through a point. These operations are a subset

of the full space group and are called a crystallographic point group because they

leave a central point fixed while moving all other points of the crystal to a position

a1

a2

a3

a1

a2

a3

a1

a2

a3

(100) (111) (110)

Figure 2.3 The (100), (111), and (110) lattice planes of a simple cubic lattice.
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of the same kind. There are only seven distinct point groups that a Bravais lattice

can have: cubic, tetragonal, orthorhombic, hexagonal, trigonal, monoclinic, and

triclinic. Any crystal structure therefore belongs to one of these crystal systems.

Without the translational restrictions, fourteen space groups are possible. Thus,

from the point of symmetry, there are only fourteen Bravais lattices. The

structures of these lattices are depicted in figure 2.4 (see Bravais (1845) [48]

or Ashcroft (1976) [166]).

Table 2.1 Comparrison of a Bravais lattice und a ”real” crystal structure.

Bravais lattice Real crystal structure
(spherical symmetry) (arbitrary symmetry)

Point group 7 crystal systems 32 crystallographic point groups
Space group 14 Bravais lattices 230 space groups

A last and final step, is made to move from the ideal model of a Bravais lattice to

a general crystal structure. While Bravais lattices have a ’spherical symmetry’, in

a real lattice arbitrary arrangements are allowed. Since the objects are no longer

required to have maximum symmetry, the number of space groups is greatly

increased to 230; also, the number of possible point groups increases to 32. In

table 2.1 the ideal case of a Bravais lattice and the crystal structure with an

arbitrary symmetry are compared.

Since a detailed discussion of these 230 space groups would go beyond the scope

of this thesis, I abstain from doing one. However, the Hermann-Mauguin (H-

M) notation, which is used to for labeling space groups, is worth mentioning

here. The H-M notation uses 4 symbols to indicate the symmetry in a crystal,

e.g. Imma and P 4̄21m. The first letter gives the Bravais lattice of the

crystal. The letters P and R stand for primitive and rhombohedral, I for body-

centered (from German ”Innenzentriert”), F for face-centered (from German

”Flächenzentriert”), and A-C for end-centered. The following symbols indicate

three highest symmetry elements in three symmetry axis with the axis of highest

symmetry first. These symmetry elements are rotations along an n-fold axis

(indicated by the numbers 1-4 and 6), inversion through a point (indicated with

a bar over a number; 3̄), screw axes (indicated with a subscript; 31), mirror planes

(m), and glide planes (a, b, and c) [166, 168].
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Crystal System Face-centeredBody-centeredPrimitive End-centered

Cubic

a = b = c
α = β = γ = 90°

Tetragonal

a = b ≠ c
α = β = γ = 90°

Orthorhombic

a ≠ b ≠ c
α = β = γ = 90°

Hexagonal

a = b ≠ c
α = β = 90°, γ = 120°

Trigonal (Rhombohedral)

a = b = c
α = β = γ ≠ 90°

Monoclinic

a = b = c

α = β = 90°, γ ≠ 90°

Triclinic

a ≠ b ≠ c
α ≠ β ≠ γ

Figure 2.4 The 7 crystal systems and the 14 Bravais lattices according to
Bravais [48].

The simplest cell with the lowest symmetry is, for example, the triclinic unit cell

with no inversion center. Its H-M symbol is therefore P111, or in short notation

P1. The unit cell P6122, however, has as a highest symmetry element a 6-

fold screw axis and two 2-fold rotational ones. This clearly indicates a hexagonal

system. This notation helps to reduce the information needed to identify a crystal

dramatically. The low pressure phase of CO2 (Phase I), for example, consists of

a cubic crystal system of 12 atoms. Altogether 42 parameters are needed to show

its exact structure - 6 lattice parameters and the position of 12 atoms within the

unit cell. The knowledge of its symmetry (Pa3̄) reduces the needed information

to only 7. Only 1 lattice parameter (it is a cubic system) and the coordinates
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of one oxygen and one carbon are needed, while the other atomic positions are

generated by symmetry operations (example taken from Amos [53]).

2.2 On Diffraction

When X-rays, electrons or neutrons are scattered off a periodic structure, such

as a crystal, constructive and destructive interference in the scattered beam can

be observed. Hereby the radiation must have wavelength comparable with the

periodicity in the structure. This phenomenon can be used to determine the

structure of a crystal. Thereby the incident radiation has to have a wavelength

in the same order of magnitude as the distance between two lattice points (about

1 Å), such that wave interference effects occur. For electrons and neutrons the

de Broglie-relation (λ = h/mv) can be used to assign a wavelength to every

particle. The periodic structure of a crystalline solid acts as a diffraction grating,

scattering the incident beam in a predictable way and forming a diffraction

pattern. From this pattern it is possible to work back to deduce the structure of

the crystal producing the diffraction pattern. In brief, this technique can be split

into three distinct parts:

1. How radiation interacts with lattice points, which are a) the electron shells

for X-rays, b) the nuclei and un-paired electrons for neutrons, and c) charged

particles (protons and electrons) for electrons.

2. How diffraction occurs in the crystal.

3. How the observed scattering can be interpreted.

The interaction mechanism of the incident beam with the lattice points is thereby

non-trivial and depends on the radiation type. In general, this is the elastic

scattering, where no energy is transferred from or to the crystal, the simplest

form of scattering. However, other types of interaction can also occur such as

inelastic scattering (energy is transferred from or to the crystal) and absorption

(e.g. neutrons are captured by the nucleus).

Two approaches were made to explain diffraction, one by Max von Laue and the

other by Lawrence Bragg and his father William Henry Bragg. While the latter

is simpler to understand, the former is much more useful to understand neutron

scattering, especially time-of-flight neutron scattering, a technique that is based

on inelastic scattering of neutrons (see later). Sequentially, I am going to describe

both approaches.
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2.2.1 Bragg Formulation

An incoming plane wave with a wavelength and phase approaches a single crystal

and is specularly scattered off two different atoms within it. Assuming that a

crystal consists of parallel planes, the lattice planes, it is possible to formulate a

condition at which the scattered radiation shows constructive interference. With

two planes spaced a distance d apart, the path difference of two beams that are

scattered in two different planes is given by 2d sin(θ), where θ is the angle of

incidence. If this path difference is an integer multiple of the wave length of the

incident beam, nλ, constructive interference will occur. The integer n is thereby

known as the order of the corresponding reflection.

nλ = 2d sin(θ) (2.8)

The relation given in equation 2.8 is also known as the Bragg-condition or

Braggs’ Law. However, for a beam containing a range of different wavelengths,

many different reflections are observed [166, 169].

Figure 2.5 a) The Bragg angle θ is just half the total angle by which the incident
beam is deflected. b) The path difference is only dependent on the
Bragg angle and the d-spacing between two lattice planes.

2.2.2 Von Laue Formulation

This approach differs from Braggs’ approch in that no lattice planes are singled

out and that no specular reflection has to be assumed. He, instead, assumed a

set of lattice points placed at the site R of a Bravais lattice that can re-radiate

the incident beam in all directions. Peaks in the diffraction pattern will only be
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observed if the scattered beam has the right magnitude of displacement to show

constructive interference. First, we will assume a displacement of two lattice

points (rather than all of them) by a vector d (see figure 2.5). The path difference

at which constructive interference occurs can then be written as

d cos(θ) + d cos(θ′) = d · (n̂− n̂′) = nλ. (2.9)

The wave vector k of the incident beam be written as k = 2πn̂/λ, and for

the scattered one k′ = 2πn̂′/λ with n̂ being the unity vector in the respective

direction. These expressions can be used to rewrite equation 2.9 to

d · (k− k′) = 2πn. (2.10)

The change of the wave vectors k−k′ is the scattering vector Q. Since all lattice

points are displaced by the lattice vectors R, this equation becomes

R · (k− k′) = 2πn (2.11)

for an array of points in a crystal. This expression can be equivalently written in

its exponential form

ei(k
′−k)·R = 1 (2.12)

If this equation is compared with the definition of a reciprocal lattice, the

von Laue condition for constructive interference is obtained (eq. 2.13); peaks

will be observed if the scattering vector Q = k′ − k is a vector of the reciprocal

lattice K.

K = k′ − k (2.13)

This equation can be further simplified by squaring it and assuming purely elastic

scattering (|k′| = |k|) in which case it becomes

k · K
K

= k · K̂ =
1

2
K. (2.14)

In other words, the component of the wave vector of the incident beam along the

reciprocal lattice vector K has to be half the length of K. Equation 2.14 describes

a plane in its Hesse normal form, and thus every wave vector k will satisfy the

Laue condition if its tip lies on a plane that bisects a line joining the origin of the
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k-space and a reciprocal lattice point. The planes bisecting a reciprocal lattice

vector K are also called Bragg planes [166].

Figure 2.6 Two-dimensional projection
of the Ewald construction. Taken from
Guthrie et al. [49].

With this it is possible to visualise

which reflections satisfy the Laue

condition and to determine the wave

vectors of the corresponding diffracted

beam. A sphere (or a circle in case of

a 2D crystal) is drawn in the k-space

centered on the tip of wave vector k of

the incident beam and with the radius

2π/λ (see Figure 2.6). The origin

of the k-space lies therefore on the

surface of the sphere. Eventually there

will be a wave vector k’ satisfying the

Laue condition if a reciprocal lattice

point lies on the surface of the of this

sphere (see red lattice points in figure

2.6). This geometric construction is

the Ewald-construction [166, 170, 171]. In general, such a sphere will not have

any reciprocal lattice points on its surface, however, there are techniques to ensure

that a point lies on the Ewald sphere. This also explains why radiation with long

wavelengths does not lead to a diffraction pattern; the radius of the sphere (2π/λ)

becomes too small to include any reciprocal lattice points (compare white sphere

in figure 2.6).

As mentioned above, there are methods to find a geometry in which a diffraction

experiment will show constructive interference.

1. The Laue method uses polychromatic rays instead of monochromatic ones.

By scanning different wavelengths from λ0 to λ1, the Ewald sphere expands

in from a radius of 2π/λ0 to a radius of 2π/λ1. Eventually, a wave vector

k = 2πn̂/λ will satisfy the Laue condition. Bragg peaks in the diffraction

pattern will be observed for every reciprocal lattice point lying in the region

between λ0 and λ1. This method is particularly useful for time-of-flight

neutron diffraction (see later).
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2. The rotating crystal method uses monochromatic rays, however the angle

of incidence is varied. This is achieved by rotating the crystal about a fixed

axis. When the crystal rotates, the reciprocal lattice rotates about the same

axis also. A rotation about the z-axis in figure 2.6 therefore means that the

red lattice points will be removed from the Ewald sphere, however, other

reciprocal lattice points will move onto the surface of the sphere.

3. The Powder method. In brief, a sample made from a fine powder or a

polycrystalline solid is used - with grains that are still gigantic compared

to atomic dimensions but small relative to the dimensions of the incident

beam. Since all grains are randomly orientated, the diffraction is what one

would produce by combining all reflections of a single crystal. Now the wave

vector of the incident beam k is fixed and with it the Ewald sphere. Now

the sample is allowed to rotate through all possible angles around the origin.

Each vector K generates a sphere of radius K. Such a sphere intersects the

Ewald sphere in a circle. Every wave vector k’ from the center of the Ewald

sphere to the intersect-circle therefore satisfies the von Laue condition. A

reciprocal lattice point therefore produces a cone of scattered radiation at

an angle Φ to the forward direction, where

K = 2k sin(
1

2
Φ). (2.15)

These cones are named after the physicists P. J. Debye and P. H. Scherrer

Debye-Scherrer cones and the respective rings measured by a detector

placed to the forward direction Debye-Scherrer rings [166, 172, 173].

So far, only the conditions for constructive interference for lattice points in a

Bravais lattice were considered, e.g. that the Laue condition K = k′ − k is

satisfied. However, if the crystal structure consists of several bases also the

scattering within a primitive unit cell - the scattering within this lattice point

- has to be taken into account.

Assuming n identical sets of scatterers in the unit cell with the coordinates

d1, . . . ,dn (expressed as fractional basis vectors d = xa1 + ya2 + za3), the phase

difference between two such sets i and j will be K ·(di−dj). Thus, the amplitude

of several scattered beams will differ by a factor eiK·(di−dj). The amplitude of a

scattered beam can, therefore, be expressed as a summation over all possible
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scatterers; this is the geometrical structure factor F(K)).

F(K) =
n∑
j=1

eiK·dj , (2.16)

This alone is not yet enough to describe diffraction completely, if the atoms are

not identical. In this case, for every set of identical scatterers, j, a form factor

fj approximates the form of the respective scatterer. With this, equation 2.16

becomes

F(K) =
n∑
j=1

fj(K) · eiK·dj . (2.17)

Note that the overall intensity of a Bragg peak will be proportional to the square

of the absolute value of the amplitudes and therefore to |F(K)|2.

2.2.3 Time-of-Flight Neutron Diffraction (TOF-ND)

While neutrons in a nucleus are stable, free neutrons undergo a beta decay with

a lifetime of just under 15 minutes according to

n→ p+ + e− + ν̄

to a proton, an electron and an electron anti-neutrino [174]. There are many

ways to produce free neutrons, however free neutrons for scientific application

are mainly produced in nuclear fission reactors (e.g. High Flux Isotope Reactor

(HIFR) at Oak Ridge National Laboratories (ORNL)), or at spallation sources

(e.g. Spallation Neutron Source (SNS) at ORNL, ISIS at Rutherford-Appleton

Laboratories (RAL)). Most work in this thesis was done at one of the above

mentioned spallation sources, and the process by which neutrons are produced

there is therefore briefly mentioned. In figure 2.7, a sketch of the ISIS spallation

source, is shown.

At an ion source, negatively charged hydrogen ions (H−) are produced, which

are then accelerated to several MeV (up to 1 GeV at SNS) in an accelerator

(e.g. a linac). To convert the negatively charged hydrogen ions into protons,

the ion beam is passed through a stripping foil (e.g. diamond or aluminium

oxide) that strips the electrons from the negatively charged hydrogen atoms.
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Figure 2.7 Schematics of a spallation source. Negative H− atoms are
accalerated in a linear accelerator and then stipped of their electrons.
The so produced protons are further accelerated and guided to a
target where the spallation takes place [50].

The resulting protons (H+) are then injected into a synchrotron, where they are

further accelerated. Finally, the proton beam is directed onto a target made

from liquid mercury, tantalum, or tungsten, where spallation occurs. Due to

the collision at high energy, per atom hit, several neutrons (”spall”) are ejected.

However, most of the neutrons coming out of the target have a kinetic energy

not suitable for research and must be turned into low-energy neutrons; they must

be moderated to room temperature or colder. The neutrons emerging from the

target are slowed down by guiding them through a neutron moderator, i.e. a tank

filled with H2O, or a cold liquid such as CH4 (at 100 K) or H2 (at 20 K). These

neutrons are than guided to the various beam-lines around the target station (see

figure 2.8).

Neutron pulses reaching the beam-line are then further sharpened by a chopper, a

rotating metal disc with a hole. While this is done at most neutron instruments,

PEARL does not have a chopper. These neutrons are then guided through a
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Table 2.2 Comparison of neutrons with different energies. Taken from N. J.
Carron (2006)[73]

Neutron type Moderator Energy / eV
Cold/Ultracold Neutrons CH4 (at 100 K), H2 (at 20 K) < 10−3

Thermal/Slow Neutron H2O (at RT) 10−3-10−1

Epithermal Neutrons - 10−1-10+5

Fast Neutrons - 10+5-10+8

High Energy neutrons - > 10+8

flight-tube or a focusing guide (a coating inside the guide focuses the neutrons

by means of total reflection) to the sample. In a last stage before the sample,

the beam is collimated to the desired size by a collimator, typically made from

hexagonal boron nitride. While this is not always the case on all instruments

it is done on PEARL and SNAP. Detectors around the sample then register the

diffracted neutrons [50, 52]; in this work, mainly large area detectors were used

(i.e. Anger camera). From the geometry, the flight path chopper-to-detector, and

the time stamp of the arriving neutron follow the two variables most important for

time-of-flight (TOF) neutron diffraction: the Bragg angle θ, and the wavelength

λ (from the flight path L and the time stamp t follows λ = h
p

= h
m

t
L

).

d =
ht

2mL
· 1

sin θ
(2.18)

This means that the Bragg law can be now written in a more suitable form for

ToF neutron-diffraction [168].

Figure 2.8 Sketch of a beamline. The neutrons are produced in the target by
spallation and then cooled down by a moderator. A chopper produces
well defined pulses of neutrons which are then guided to the sample
and collimated to the required beam shape [50].
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2.2.4 Neutron-Matter Interaction

While electron and X-ray diffraction is based on the interaction of the respective

beam with the electron shell, neutrons interact with the nucleus; furthermore,

neutrons can be scattered by magnetic materials due to their unpaired electrons.

This makes neutron diffraction the method of choice for the detection of light

elements without a big electron density (see figure 2.9). There are plenty ways in

which neutrons can interact with matter, here, however, only elastic scattering

(ki = kf ) will be discussed - so scattering without an energy transfer from the

neutron to the crystal. Other forms of scattering include in-elastic scattering

(ki 6= kf ), in which energy is transferred and absorption. However, these types of

wave-matter interaction are non-trivial and are not further discussed.

In general there are two mechanisms by which neutrons can be elastically

scattered. The first - and for this work more important - mechanism is the

deflection from nucleus due to the nuclear strong force. This interaction occurs

on a length scale of 10−15 m, while the wavelength of neutrons in diffraction

experiments is carefully selected to be in the magnitude of 1 Å - the length scale

of atomic distances in crystals. Because of the small size of the nucleus in relation

to the atom and the short interaction range of the strong force, neutrons have

low probability of interaction. This reduces the nucleus to a point scatterer with

a spherical symmetry, that scatters in every direction equally. The interaction

between the neutron and the atomic nucleus is represented by the Fermi pseudo-

potential [175].

V (r) =
4π~2

m
bδ(r) (2.19)

This potential is zero except very close to the nucleus (δ-function). The second

interaction mechanism is due to the magnetic moment a neutron carries - neutrons

interact with a magnetic scatterer, such as an unpaired atomic electron, and can

therefore be used to reveal magnetic structures.

Figure 2.9 Visualisation of the scattering
cross sections of different atoms. While the
X-ray scattering cross section increases with the
atom size (and therefore the electrons in the
shell), the neutron scattering cross section does
not show such a behaviour.
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In general, neutrons that interact with matter can either be absorbed or scattered.

Both phenomena can be quantified using a simple model, assuming that an

interaction occurs if a neutron hits a specific area around the atom, the cross

section σi, with bi being the scattering or absorption length of the respective

atom.

σa = 4πb2
a

σs = 4πb2
s (2.20)

In many cases, the absorption cross section is much smaller than the scattering

cross section, and models can be applied to account for the absorption (see section

2.2.5). To describe the scattering capacity of an atom, the scattering cross section

is used. The total number of neutrons scattered per unit of time, normalised

against the flux of neutrons Φn, is thereby defined as the total scattering cross-

section σt. Assuming a neutron beam entering a crystal of thickness dz, the

neutron flux Φn of the beam will then decrease according to

dΦn

dz
= −nσtΦ. (2.21)

Solving this differential equation will lead to the exponential attenuation of the

neutron beam intensity (cf. Beer-Lambert law). The total refers to all neutrons

scattered through the surface of an enclosing sphere as well as all neutrons that are

absorbed by the material. The scattered neutrons, however are usually not scat-

tered equally in every direction; some orientations are preferred (see section 2.2).

Figure 2.10 Scattered neutrons
through a surface element dS can be
specified by the solid angle dΩ.

This however, gives rise to another cross-

section, the differential scattering cross-

section σd = dσt
dΩ

, that describes the

neutrons scattered through a surface

element dS, specified by the solid angle

dΩ.

σt =

∫ 2π

0

∫ π

0

dσt
dΩ
· sin θdθdφ (2.22)

The total scattering cross-section may

than be recovered again by integrating

over the full solid angle. The scattering

cross-section of neutrons is generally
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rather small and in the magnitude of

10−24 m2, which means not many neutrons are actually scattered. Disadvantages

that arises from this are the long collection time of more than 1 h and the relatively

large sample volume of more than 0.01 mm3, to obtain a sufficiently good quality

diffraction pattern. However, since neutrons are not strongly attenuated, the

actual sample can be confined in another material without a massive loss of

intensity of the primary beam before it hits the actual sample [176].

Furthermore, scattering can be either coherent or incoherent, with the cross-

sections σc and σi, respectively. In the first case, the scattered neutrons waves

from different scattering centers interfere and thus coherent scattering contains

information on the relative atomic positions - the structure of the material. In

the latter case no interference occurs between the scattered neutron waves from

different centers and thus the information on the relative positions of atoms is

lost. The large incoherent scattering cross-section for Hydrogen (σc=1.76 barn

and σi=80.27 barn) gives rise to a very large background and is the reason why

deuterium (σc=5.59 barn and σi=2.05 barn) is mostly used for neutron diffraction

instead [? ].

2.2.5 Corrections in Neutron Diffraction

As described earlier, the interaction between neutrons and atoms only happens

near the core, and a crystal lattice L can therefore mathematically be described

as a sum of δ-functions. In one dimension a Dirac comb is given as

L(x) = comba(x) =
∞∑

n=−∞

δ(x− na) (2.23)

with a being the (equal) spacing of the δ-functions. The measured signal on a

detector is the Fourier transform of the real space. For a Dirac comb, the Fourier

transform becomes

Ft [L(x)] =

∫ ∞∑
n=−∞

δ(x− na) · e−ikxdx =
2π

a

∞∑
h=−∞

δ(k − 2π

a
h) (2.24)

Note that the δ-functions becomes zero unless k is a reciprocal lattice vector.

Similarly, for a 3-dimensional lattice a Dirac comb can be defined as L(R) =

41



∑
r δ(R− r). The respective Fourier transform can then be written as

Ft [L(R)] =

∫ ∑
r

δ(R− r) · e−ikrdr =
(2π)3

Vc

∑
K

δ(Q−K). (2.25)

Here, Vc is the unit-cell volume of the scattering crystal, Q = ki − kf is the

momentum transfer to the sample and K is a reciprocal lattice vector. Note that

K = hb1 + kb2 + lb3 and that the factor 2π/|ai| is included in the respective

reciprocal lattice vectors bi (cf. equation 2.3).

In neutron diffraction, the differential cross section, dσt/dΩ is measured - to be

more precise its coherent part dσc/dΩ, that is the number of coherently scattered

neutrons through angle 2θ per time into a volume element dΩ normalised by the

number of incident neutrons per area and time. The differential scattering cross

section can be related to the structure factor F(K) as followed:

dσc
dΩ

=
Nc

Vc
(2π)3

∑
K

δ(Q−K) · |F(K)|2 (2.26)

where Nc is the number of coherent scatterers. To obtain the number of scattered

neutrons from a particular Bragg peak, we integrate over the solid angle of the

detector and multiply by the incident integrated flux as follows:

Ic =

∫
dλN(λ)dΩf

dσc
dΩ

=

∫
dkN(λ)dΩf

dσc
dΩ
· −2π

k2
(2.27)

Here, k = |ki| = |kf | and dλ = −2π
k2
dk. Combining eq. 2.26 and 2.27 and

multiplying by sin2 θ/2

sin2 θ/2
yields

Ic = V
(2π)4

V 2
c k

4

∫
dk · k2− sin2 θ/2

sin2 θ/2
·N(λ) · dΩf · δ(Q−K) · |F(K)|2, (2.28)

where V is the sample volume V = N · Vc. The a volume element dQ can be

written as

dQ =

[
−2 sin2

(
θ

2

)]
k2dk · sin θdθdφ (2.29)

From applying equation 2.29 and integrating the structure factor can be related

directly to Ic as shown in equation 2.30 [177].
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Ic = V N(λ)
λ4|F(K)|2

2V 2
c sin2 θ

2

∴ |F(K)|2 ∝ Ic ·
1

N(λ)
·

sin2 θ
2

λ4
(2.30)

In equation 2.30, the first fraction represents the spectrum correction; this is the

number of neutrons reaching the detector at a certain wavelength. To obtain this

value, a nearly perfectly incoherent scatterer, e.g. Vanadium[178], is measured

and the diffraction data is then divided by this spectrum. This correction is

therefore often referred to as Vanadium correction. The second fraction is the

Lorentz correction and takes into account the amount of time a given reflection

remains in the diffraction condition. In common crystallographic convention the

scattering angle is 2θ, and the Lorentz correction appears as sin2 θ/λ4 [177].

Figure 2.11 A comparison of corrections in neutron-diffraction. The black
curve gives the raw data after summing the ToF-data, the red one
shows the same data set corrected by the Lorentz factor; Vanadium
(green) and background (blue) spectra are shown ibid. The inset
shows the raw data and the Lorentz-corrected one after division by
the Vanadium and background spectra.
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Finally, scattered neutrons have to go through a proportion of the sample (and

the sample environment, e.g. a DAC) and hence another correction has to be

applied - the attenuation correction. In the most simple case, a neutron is

scattered and has to go through a sample layer of thickness t before leaving the

crystal again. On this way, it can be absorbed or scattered a second time.

Ir = Io ·
i∑

n=0

e−Niσit (2.31)

This attenuation of the intensity of the reflected beam, Ir, can be expressed

as an exponential according to equation 2.31. Here, Ni is the atom density

(atoms/volume) and σi the respective cross section for an atom i.

Due to the small sample volume in DACs, this attenuation can be neglected,

however, a more complex model for the attenuation has to be applied to take

into account the attenuation caused by the diamond windows [179] or the gasket

[2]. Note that, depending on the geometry, the reflected beam passes through a

different thicknesses of diamond and gasket. A detailed discussion of this issue is

given in chapter 4 where an in-depth procedure for the data reduction of single-

crystal data in diamond anvil cells is established.

2.2.6 The orientation matrix (UB matrix)

In single crystal diffraction another problem arises, namely the orientation of the

crystal relative to the diffractometer. As discussed earlier (see page 27), every

reciprocal lattice point can be described as

K = hb1 + kb2 + lb3.

Following Giaccovazzo et al., this equation can also equivalently be written in

its matrix form with a basis set A* = (b1,b2,b3) and a coordinate matrix h =

(h, k, l) [165].

K =

 b1

b2

b3


 h

k

l

 = A*h (2.32)

Scattering occurs, if the scattering vector Q = k′−k equals the reciprocal lattice
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vector K. For each reflection, the magnitude of its scattering vector Q is invariant

with respect to the orientation of the crystal. However, as the crystal rotates,

the direction of Q changes and, therefore, the wavelength (radius of the Ewald

sphere) of the respective Bragg event. In figure 2.12, for example, such a rotation

about an angle γ along the b3 axis is shown.

Figure 2.12 Rotating a single crystal about an angle γ along the b3 axis leads
to a different diffraction pattern. Taken from Guthrie [49].

A problem thereby is that Q is measured in the instrument frame of reference,

while the reciprocal lattice vector is not. Equation 2.33 now relates Q and K; in

this equation the R matrix is the rotation matrix of the goniometer on which the

crystal is mounted. The B matrix converts the coordinate system of the crystal

into Cartesian coordinates and the U matrix represents the rotation from this

Cartesian coordinate frame to the Cartesian coordinate frame of the goniometer.

Q = R ·U ·B ·K (2.33)

The orientation of the crystal with respect to the instrument frame, and therefore

the incident beam k, is therefore given by the 3 × 3 orientation matrix UB.

To obtain the UB matrix from the diffraction data, at least two non-colinear

reflections and the lattice parameters are needed. This can be done with the Isaw

package which is implemented in the the Mantid software suite (see Chatterjee

et al., 2002 [180]).
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2.3 Data Processing and Structure Determination

Using either single crystals or powders, neutron diffraction can be used to measure

the structure factor |F(K)|2 ∝ Ic for various values of (hkl). However, a direct

Fourier inversion of diffraction data to yield the crystal structures is not possible

because only the magnitude of |F(K)| is measured and not its phase. This is

known as the phase-problem. Hence a model must be fitted to the data.

2.3.1 Le-Bail Extraction and Rietveld Refinement

The first step in any attempted structure solution is the determination of the

lattice parameters; for this, the observed peak positions are used and various

software packages are available [181–184]. This is followed by finding the correct

space group by narrowing down the possible ones based on the systematic absence

of peaks [185]. Then, an estimation of the diffraction intensities is usually done by

Le-Bail extraction (LB). The advantage of this method is that it does not need

any input beside the (possible) space group. An LB extraction yields best possible

intensity value for all indexed peaks, by setting all Fcalc = 1 and then performing

a steepest descent minimisation. After a convergence criterion is reached, one

obtains a first estimation of the Fobs. For completely overlapped reflections the

intensities are apportioned according to reflection multiplicity (equal Fcalc) and

for partially overlapped reflections the intensity will be pushed away from equal

Fhkl values only as much as needed [186].

However, a Le-Bail extraction can fit any data, whether it is physically reasonable

or not. Furthermore, it is not possible to directly extract the atom coordinates

from a Le-Bail extraction; for that purpose a Rietveld-refinement is needed.

The principle of Rietveld’s profile refinement method is to minimise a function M

which analyses the difference between a calculated profile ycalc and the observed

data yobs. Hugo Rietveld defined the equation in his famous paper in 1969 [187]

as

M =
∑
i

Wi

{
|Fi,obs|2 −

1

c
· |Fi,calc|2

}2

=
∑
i

Wi

{
yi,obs −

1

c
· yi,calc

}2

. (2.34)
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In this formula, Wi is the statistical weight and c is a scale factor. In modern

applications pseudo-Voigt functions are used to describe the peak shape - Rietveld

assumed a Gaussian peak shape, however. In the Gaussian case, the peak profile

of the k-th peak at position i can be expressed as

yi = |Fi,calc|2 ·
A√
Hk

· e
B·(di−dk)

2

H2
k (2.35)

with A and B being constants and Hk being the full width at half-maximum of

the respective peak. The structure factor for this model is given by equation 2.16.

This equation is corrected for the thermal movement of atoms using an atomic

displacement parameter Bj [188]. For the isotropic case, Bj = 8π2
〈
u2
j

〉
. The

structure factor is then given by equation 2.36.

F(hkl) =
∑
j

bje
−i2π(hb1+kb2+lb3) · e−Bj ·

sin2 θ2
λ2 (2.36)

In a more general case, the displacement is modelled as an ellipsoid - the atom

displacement is then given by a second rank tensor with six independent uij

displacement parameters, the 3x3 matrix uij.

F(hkl) = F(h) =
∑
j

bje
−i2π(hb1+kb2+lb3) · e−2π2〈(u·h)2〉 (2.37)

Beside the atom displacement, several other properties of the sample can be

refined, such as peak broadening due to micro-strain or preferred orientation

[187].

A similar method can be used to fit single crystal data after the structure factors

and their sigmas are obtained by integrating the peaks.

2.3.2 Monte-Carlo Simulated-Annealing (MCSA)

Simulated annealing (SA) is a Monte-Carlo (MC) approach to overcome the phase

problem in crystallography [189–191] and to determine the atom positions in a

given unit cell and space group. It is used to explore the configuration space

of a unit cell and to locate the global minimum given a suitable cost function.

This cost function is usually tightly bound to the diffraction pattern; to be more

specific to intensities extracted from an initial Le-Bail [186] fit or the Rietveld

intensities of a related structure. Conventionally, the weighted R-factor (Rw) is

used as the cost function, defined as
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Rw =

(
M∑

iwiy
2
i,obs

) 1
2

. (2.38)

Additionally the algorithm uses the unit cell (with its symmetry, if known) and

the expected cell contents (e.g. atoms, molecules or molecule fragments) as input.

The latter can be defined as one or more rigid bodies, that is a body of atoms

constrained into a certain geometry such as a well defined water molecule, to speed

up computation time. The position parameters of this input is then randomised

to generate a starting configuration, and Rw is calculated by an LB-extraction.

The MC-part of the algorithm then generates a second configuration by randomly

displacing atoms, and the change ∆Rw in this displacement is calculated for the

two configurations. This might lead to either an improved or worse fit to the data

and is repeated until a convergence criterion is met [192].

A problem of such an approach is that the algorithm often ends in a local rather

than a global minimum, which might satisfy the cost function but does not give

the overall best solution - in this case the solution of the correct crystal structure.

To overcome this problem, the SA part of the algorithm allows the system to move

away from a local minimum; a probability P of a new structure replacing the

original structure even if the new one is worse than the original one is defined as

P = e−Rwp/T . (2.39)

The parameter T can be thought of as the temperature in a thermodynamic

system, hence the term ”simulated annealing”. The process of accepting or

rejecting possible structures allows for a large sampling of the configuration space.

By decreasing T, that is ”cooling”, the configuration space gets more and more

constrained after every iteration, eventually leading to a global minimum. The

entire process is repeated several times and the obtained global minimum should

be a recurrent solution.

Monte-Carlo Simulated-Annealing is implemented in many crystallographic

software packages. For this work, the GSAS-I and GSAS-II software suites were

used [181–183].
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Chapter 3

Experimental Techniques:

A Toolbox for Neutron-Diffraction

Atmospheric pressure, or ambient pressure, is the pressure caused by the atmo-

sphere of Earth at sea level, and is defined as 1 atm = 101325 Pa = 0.101325 MPa.

While it might be tempting to think that this pressure is ”normal” in our universe,

it is actually exactly the opposite - our pressure scale ranges from the (theoretical)

0 Pa value of a perfect vacuum at, under 10−18 Pa in outer space over several

hundreds and thousands of GPa in the interior of satellites, planets and stars,

up to >1034 Pa in neutron stars and black holes [193]. Pressure thus serves as a

versatile tool in the investigation of minerals that form the deep interior of the

Earth and other planets.

Increased pressure alters the energy of atomic bonds by forcing atoms closer

together in a smaller volume. Pressure thus serves as a powerful probe of

atomic interactions and chemical bonding and allows one to tune bond-lengths

in molecules as well as the separation of molecules. High pressure is a very

efficient way to add energy to a system. While it takes more than 10,000 K to

increase the internal energy by 1 eV per atom - a larger temperature than the

one the surface of the sun - the same energy change can be achieved by a pressure

increase of only about 20 GPa. This value is derived from the expression for the

internal energy dU= TdS - pdV and from the bulk modulus Bs = −V ( ∂p
∂V

)s. As

a bulk modulus, the bulk modulus BS = 8.5 · 109 Pa of hexagonal ice was used

[194]. Such a pressure is nowadays easily achieved. High-pressure thus offers

a deeper understanding of intermolecular interactions, such as hydrogen bonds
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(H-bonds) and hydrophilic/hydrophobic interactions [195] which are relevant to

many branches of science such as chemistry (e.g. water as a solvent [69]) and

biology (DNA and protein folding due to H-bonds [76]).

Finally, many novel materials can only be synthesised under high pressure [196],

or change their properties dramatically if exposed to such extreme conditions,

including super-hard materials and high-temperature superconductors. The

record holding high-temperature superconductor (H3S with a Tc of 203 K),

for example, is formed from H2S at about 90 GPa [91, 93, 97, 98]; and even

a superconductor with a Tc of 287.7 K (C-S-H ternary at 267 GPa) has been

reported but is disputed in the field [96].

3.1 Generating High Pressure:

General Concepts and Pressure Devices

Understanding how matter acts under the influence of pressure is relevant to many

subjects such as physics, astronomy, geology, material science, chemistry, and

biology. Over the years, various devices were invented to study materials under

pressure, ranging from simple gas cells (Pmax=0.5 GPa [197]), over the piston-

cylinder press (Pmax=2 GPa) and multi-anvil press (Pmax=25 GPa [198, 199]) to

the Paris-Edinburgh press (PE-press, Pmax=40 GPa [197, 200–202]) and finally to

diamond anvil cells (DAC, Pmax >1 TPa was reported [203, 204]). Furthermore,

even higher pressures can be achieved by the use of shock wave compression

(Pmax >TPa). A name intrinsically tied to high pressure physics is hereby Percy

Williams Bridgman, who received a Nobel Prize in 1946 for advancing this area

of physics.

P =
F

A
(3.1)

Despite the variety of pressure cells, all of them are based on the same simple

principle: pressure equals force over area (cf. equation 3.1). To increase the

pressure, the force has to be increased or the area decreased. While the former is

limited by the strength of the pressure devices’ material, the latter is limited by

the required sample volume for an experiment. In general this means: the higher

the pressure, the smaller the sample volume. This proves to be a problem, for
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neutron diffraction (see chapter 2); due to the combination of the weak interaction

of the nuclear force and the low neutron flux produced at neutron sources, large

sample volumes in the magnitude of several mm3 are usually needed in neutron

diffraction experiments to improve the sample signal-to-background ratio.

3.1.1 The Gas Cell

Gas cells are a very simple device for reaching comparably low pressures and,

depending on the cell material, pressures below 1 GPa can be achieved. These

cells can be used for powder, liquid and single-crystal samples. In a gas cell the

pressure is generated on a sample by a compressed gas such as helium, nitrogen

or hydrogen. As can be seen in figure 3.1, a gas cell is composed of a cylindrical

body (1) with a sample chamber (2) located in the centre that is connected to a

capstan compressor pump via a sealed capillary (3) guided ino the cell through

a seal plug (4); at the other end, the cell is sealed by a Bridgman seal (7-8)

[205]. A sample is placed into the sample chamber, gas is compressed by the

pump and led into the gas cell. In this work a gas cell of this type was used in the

experiments on nitrogen sX-hydrate (see chapter 8). The cell body was composed

of a 7075 Aluminium Alloy which allows for a maximum pressure of 0.45 GPa

[51] due to the use of hydrogen as a pressure transmitting gas in this experiment.

Comparable pressure cells made from a null-scattering titanium-zirconium alloy

(TiZr) reach pressures up to 0.8 GPa, but are - due to an embrittlement caused

by H2 - not suitable for experiments with hydrogen [197].

The advantage of this pressure vessel is that it allows for a large sample volume

of up to 280 mm3. After loading and checking for leaks using helium, the cell can

easily be mounted into a cryostat. Furthermore, this set-up allows changing the

gas type during the experiment by pumping-off and refilling the cell.

3.1.2 The Paris-Edinburgh Press

For a long time high pressure experiments were limited to about 2.5 GPa for

neutron diffraction due to the large sample volume needed. In 1992, Besson et al.

proposed a new type of press, which was able to increase this pressure window for

neutron diffraction to 10 GPa - the Paris Edinburgh press (PE-press) [197, 200].

It is a small, lightweight hydraulic press with apertures for incident and scattered

radiation. It is primarily used with opposed anvils, but it has also been used with
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Figure 3.1 A schematic of a gas cell (a) and a picture of a gas cell as used at
the ISIS neutron facility (b) (taken from [51]). Note that the piston
and lead/copper rings located at the bottom form a Bridgman seal.

multi-anvils assemblies. For a relatively small and light frame, it provides a high

load capacity of up to 250 tonnes (depending on the model) combined with a large

sample volume of tens of cubic millimeters. With its sintered diamond anvils, the

fourth generation is able to reach pressures as high as 40 GPa [201, 202]. It has

also been modified widely to suit other purposes: PE-presses for cryo-loadings,

gas loadings, heating experiments [197, 206, 207].

Principles and Design The smallest PE -press (VX type, see [208]) has a weight

of about 60 kg and can - in theory - be carried around by one person; as such

it is a ”lightweight” among large volume presses. Comparable pressure devices

with a similar load capacity, such as multi-anvil presses, usually are several meters

square and weigh over a tonne. A schematic sketch of a PE -press is given in figure

3.2. The cell-body itself is usually made of steel and various sizes and designs

are available. The two most common variants are the V-type cells which has four

support columns between the two cell halves, and the VX-type with two support

columns [197]. Not surprisingly it is the the V-type cell design that supports a

greater load, however, the VX-cell offers a larger angular opening which proves

beneficial in some circumstances. In both cases, the cells retain the same core

design with the opposed anvil assembly at the center.

The cell-body employs two pistons; the upper piston is fixed against a removable
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Figure 3.2 a) Schematic sketch of a Paris-Edinburgh Press V4 with its primary
parts: cell-body, pistons (2,3), collimator hole (4), anvils (5), gasket
(6,7), and sample (8); The broken arrows indicate the direction the
neutrons enter the pressure cell in the transverse mode.
b) Detector arrangement (9) at a neutron beam-line with the PE-
press symbolised by the red cube.

‘breech’ while the other one is driven by a hydraulic fluid and provides thrust.

The hydraulic piston is driven by an external compressor connected to an inlet

at the bottom of the press, and allows for a maximum load of 50-450 tonnes

depending on the cell-design. Usually, oil is used as a hydraulic fluid, but in cryo-

experiments helium is used instead. The breech is a large, threaded component

which is loosened to allow access to the anvil assembly for loading and is tightened

down into position before load is applied to the pistons.

A range of anvils is available for use in the PE -press, varying in both their

construction material and profile design. Typically the anvils are machined from

hard materials like tungsten carbide (WC), sintered diamond (SD), zirconia-

toughened-alumina (ZTA), or cubic boron nitride (cBN), stabilised by a steel

binding ring. Anvils feature either a single-toroid or double-toroid profile and

a central cup to increase the sample volume [209]. The single-toroid allows for

twice the sample volume compared to the double-toroid one, at the cost of the

pressure performance. For all anvil designs, the surface of the anvils around the

sample must be shielded in order to minimise neutron scattering by the anvils,

usually by applying a thin layer of cadmium. For the experiments that required
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heating, a set of zirconia-toughened-alumina (ZTA, Al2O3 and ZrO2) anvils was

used. This material reduces the pressure performance of the PE -press to below

10 GPa but allows for cryo-loading and in-situ heating/cooling of the sample.

Using ZTA anvils, the temperature range lies between 100 K and 500 K. In

brief, a heating element and a cooling system for a cooling agent is embedded in

the anvils, heating the anvils, gasket and sample. For experiments that did not

require heating above room temperature sintered diamond was used as an anvil

material due to its better pressure performance compared to ZTA.

Figure 3.3 Picture of a set of ZTA anvils that allow for the temperature range
between 100 K to 500 K. Taken from the ISIS homepage [52].

Finally, a metal gasket is used to fully encapsulate the sample and placed between

the two anvils. There are several gasket designs available for the use in a PE -press

which prove essential for the functionality of the design [197]. In its simplest form,

the gasket is formed from two washers in the shape of a cup, radially supported

by a toroid ring. It is sealed purely by applying a load on the press. This type of

gasket has a holding capacity of roughly 40 mm3. As both the incident beam as

well as the scattered neutrons must pass through the gasket, the material used for

gaskets is usually a null-scattering titanium zirconium alloy (TiZr), which does

not contribute to the neutron diffraction pattern due to its zero net scattering

length [200, 210].

As the press was developed for neutron-scattering, its design is such that the

incident neutron beam can impinge on the sample through either through the

back of one anvil (transverse mode) or through the gasket (longitudinal mode).
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The different diffraction geometries allow for access of different diffraction angles;

i.e. on PEARL, the transverse mode covers 81.2 deg < 2θ < 98.8 deg, while the

longitudinal mode allowes for access of the low-angle (20 deg < 2θ < 60 deg) and

high-angle banks (100 deg < 2θ < 160 deg). The the transverse mode uses a

hole drilled from one end of the cell through to the back of one anvil, minimising

attenuation of the beam before it reaches the sample. The scattered neutrons

are then collected at 90o relative to the incident beam. This is geometry that is

predominately used in ToF neutron-scattering.

3.1.3 The Diamond Anvil Cell

Percy Bridgman revolutionised the field of high pressures with his development

of an opposed-anvil device with small flat areas made of tungsten carbide that

were pressed one against the other with a lever-arm, achieving pressures of a few

GPa. In the post-Bridgman era (after 1950) this approach was revolutionised by

C. E. Weir, E. R. Lippincott, A. Van Valkenburg, and E. N. Bunting, a group

of scientists from different fields, by using single-crystalline diamonds as anvils

[211]. This marked the beginning of the era of diamond anvil cells (DACs). Using

diamonds as anvils increased the pressure range significantly and the transparent

pressure windows allowed for a huge variety of experiments: Spectroscopy,

Microscopy, Laser-heating, X-ray scattering [203]. Later the range of possible

experiments was extended to conductivity [212] and even NMR techniques [213].

Over the last several decades, high pressure physics advanced to the current point

by the use of diamond anvil cells (DACs, see figure 3.2C) which allow pressures

up to 1 TPa [204].

Principles and Design The basic principle of a diamond anvil cell is simple; a

DAC comprises a cell body made from hardened steel or beryllium-copper that

drives two opposing diamonds together against the sample, which is contained in

a small sample chamber of a metal gasket usually made from stainless steel,

beryllium-copper or rhenium. With the sample an optional pressure marker

and a pressure-transmitting medium (PTM) are placed in the sample chamber.

The latter ensures quasi-hydrostatic conditions during the pressure increase;

commonly used PTMs are ethanol/methanol mixtures, salts (KCl, NaCl), soft

metals (Bi), or liquified gases (He, Ar, Ne).
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Figure 3.4 Sketch of a large-volume diamond anvil cell for neutron diffraction as
used for this work. For this type of diamond anvil cell, the primary
neutron beam can enter the sample chamber either through the gasket
as shown (longitudinal mode), or along the presser axis through the
diamonds (transverse mode). Taken from Massani et al. [2].

Usually the diamonds used in a typical DAC are naturally formed and of high

purity. Their size varies depending on the application but are usually around 0.3

carats and cut in a similar fashion to the gem stones (brilliant cut). However,

the culet (diamond tip) of both diamonds is polished to form a small flat surface

varying in size from 20-600 µm wide [214]. Also, special diamond designs are

available, such as partial bevelled diamonds or two-stage anvils for very high

pressure up to > 600 GPa [214–216] and even higher pressures of up to 1 TPa by

using nano-diamonds have been reported; see for example [204].) In some cases

synthetic diamonds with small electrical components embedded under the culet

surface (coils for magnetic measurements), or diamonds with metal deposited

onto the culet (NMR) are used. However, synthetic diamonds are usually inferior

to their natural counterparts in terms or purity and hence transmission of light

and X-rays.

For the large-volume DACs primarily used in this work, synthetic diamonds are

used despite their disadvantages. Diamonds used in this work typically have a

girdle diameter of 4 mm with a culet of 1-2 mm, and hence natural diamonds

would be too expensive (3-5 ct diamonds).

To hold the anvils in the DAC, they are normally glued into the seats with

a suitable glue. The seats act thereby as a bridge between the cell-body and

the anvils and are made out of a hard material such as tungsten carbide. The

hardened steel used for the body is too soft for this purpose; seats made from such
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a softer material would cause the diamonds to deform the seat and the cell would

lose its alignment (resulting in the inevitable death of the anvils). Originally,

seats were just of a simple flat design and the diamonds sat on them held in

position by glue, however, modern DACs mostly use the Boehler-Almax (B-A)

design [217]; both the seat as well as the table of the diamond is conically polished

so that the diamond perfectly fits into its negative polished into the seat. This

design further stabilises and supports the anvil resulting in fewer anvil failures

(such as cracking). A positive side effect is a greatly increased angular access,

which is beneficial for diffraction experiments.

The seats are then mounted on the cell-body which varies depending on the

application. Among the most common designs are the Merrill-Bassett cell, the

plate cell, and piston-cylinder type cells [197]. The only limitation for the cell

body is that it must keep the seats - and hence the diamonds in place since even

a small misalignment of a few µm usually results in an anvil failure. In this

work, a Merrill-Bassett type cell was used for preliminary experiments, but the

main experiments at the SNS used a piston-cylinder cell as shown in figure 3.4.

The exact design was published in 2017 by Boehler et al. and Haberl et al. (see

[218–220]).

Figure 3.5 (left) Sketch of a diamond with a 4-piece gasket as used in a large-
volume diamond anvil cell for neutron diffraction. WC-seat (1),
table (2), girdle (3), pavillion and facets (4), culet (5), gasket (6),
and gasket-hole (7). (right) A microscope picture of a gasket taken
through the top-anvil. Note that the 4-piece gasket can be seen
covering the whole pavillion of the diamond-anvil. Picture taken
from Massani et al. [2].
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A small metal gasket with a hole in the middle (”gasket hole”) is placed between

the two diamonds to encapsulate the sample. Most DACs use a simple pre-

indented washer made from hardened steel or rhenium for that purpose; the

gasket is first indented to the required thickness (20-60 µm) and then a hole is

drilled in its centre by spark erosion (electric discharge machining) or laser drilling

[197]. For all preliminary experiments carried out in the lab with a Merrill-Bessett

type cell, this gasket was used.

However, for the large volume DAC, a more elaborate design of gasket was chosen.

In this work usually a 4-piece gasket (see figure 3.5) is used which consists of two

conical Al-washers between which a washer made from steel or rhenium is placed.

These three parts are further supported by an aluminum sleeve. Similar to the

primitive gasket, the assembly is indented first to 60-120 µm and then drilled

(mechanically or with a spark eroder). This conical aluminium construction,

despite harder to machine, radially supports the diamonds further which is crucial

for the large diamond-anvils used in this kind of DAC [218, 219].

Similar to the PE -press, DACs in neutron-diffraction can be used in a transverse

geometry where the primary beam enters the cell through a hole in the cell

body and goes through the upstream diamond; but also a longitudinal mode

is possible where the primary beam enters through the gasket. In both cases, a

rather complex attenuation correction is required - see chapters 2 for the diamond

attenuation correction [179] and chapter 4 for the attenuation correction for the

4-piece gasket.

3.2 Diffraction Instruments

While the experiments with the gas cell and the PE -press were carried out at the

ISIS spallation neutron source at the Rutherford Appleton Laboratory (RAL),

the DAC experiments needed a brighter neutron source (high neutron flux and

low lower divergence). To this date, the Spallation Neutron Source (SNS) at the

Oak Ridge National Laboratories (ORNL) is the only facility with a flux high

enough for this type of experiment. The experiments were carried out on the

PEARL instrument (ISIS) and at TOPAZ and SNAP (SNS).

Both neutron sources use large area detectors with several modules and data are

collected as time-of-flight spectra in each pixel of these modules. Subsequently,
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the collected data are then put through a preprocessing procedure known as

‘focussing’ in which the ToF-spectra for each pixel in a module are converted into

d-spacing using Bragg’s Law (see chapter 2) and summed together. An advantage

of this approach is that the diffaction pattern for each module (theoretically for

each pixel) can then be processed on its own. The combined diffraction patterns

for all pixels/modules together then give the diffraction pattern that can be used

for analysis. The error in the number of counts detected in each pixel (N) for a

given ToF (the intensity) is given by a Poisson statistics and hence by
√
N and

is carried through the focussing procedure. Since this is a standard procedure,

it is not tested further in this work. During this process several corrections are

usually applied (see chapter 2).

3.2.1 PEARL

The PEARL instrument is a specialised high-pressure powder-diffraction beam-

line and is optimally designed to be used with Paris-Edinburgh presses. PEARL

has a primary flight-path of 12.8 m (methane moderator to sample) and is

equipped with three ZnS scintillator detector banks consisting of multiple modules

each which are either 0.8 m or 1.2 m from the sample [52]. The detector

banks are located at 90o (81.2o < 2θ < 98.8o), a low angle bank covering a

range of 20.0o < 2θ < 60.0o, and a back-scattering bank covering a range of

100.0o < 2θ < 160.0o. Though this may seem like a large area of detector coverage

in the standard Paris-Edinburgh press geometry only some of these detectors can

be accessed at any one time. In transverse mode (through-anvil) the banks at 90o

are the only ones that can be accessed. In longitudinal mode (through-gasket)

the other banks can be accessed, with the 90o bank being shielded by the press

itself [221].

Corrections on PEARL In the transverse geometry, the incident beam first

passes through one of the anvils and the gasket. After reaching the sample the

beam is diffracted and traverses through the remainder of the sample and gasket

again; the diffracted beam is hence attenuated and the attenuation depends on

the geometry of anvil, sample and gasket material and the scattering angle. The

attenuation correction for this is built into the focusing routine used in Mantid

on PEARL and is based on a Monte-Carlo ray-tracing approach [221].
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3.2.2 TOPAZ

TOPAZ is the dedicated single-crystal instrument at the Spallation Neutron

Source. TOPAZ is a high-resolution single-crystal diffractometer using time-

of-flight Laue technique with a decoupled poisoned hydrogen moderator (i.e. H2

with Cd to prolong the lifetime of the H2) [222, 223] and an array of neutron area

detectors distributed spherically about the sample. The wide neutron wavelength

band of 3.1 Å is well suited for efficient 3D-mapping of Bragg scattering in

reciprocal space in the Q-range 0.45-25.00 Å−1 (d-spacing range 0.25-14.00 Å). As

such, TOPAZ is well suited for determining atomic positions and displacement

parameters of light elements, such as hydrogen. The high real-space resolution

down to 0.25 Å d-spacing, allows for precise measurements of atom-distances in

H-bonds. Currently, TOPAZ has 24 of 48 detector ports populated with Anger

camera modules covering about 3.0 sr in solid angle. TOPAZ uses a 18 m long

bent focussing guide which focusses the beam to 2.0-4.0 mm. The high-precision

goniometer is fixed to X= 135o and samples can be freely rotated about two axis,

Φ and Ω (see chapter 4, in particular figure 4.6) [224].

3.2.3 SNAP

The Spallation Neutrons and Pressure (SNAP) instrument is a high-flux diffrac-

tometer primarily used for powder diffraction under high pressure. SNAP uses

area detectors of the same type as TOPAZ arranged in two 3x3 detector banks.

The position of the two detector benches can be rearranged along a circle around

the sample according to the experiment design. This allows for an angular

coverage of 26o < 2Θ < 138o, depending on the detector positions (horizontal

and vertical coverage: ±22.5o). Compared to the neutron optics used on TOPAZ,

the beam-focusing optics on SNAP are significantly shorter (guide length: 2.4 m;

source-to-sample distance: 15 m), allowing for a high neutron flux at the expense

of a higher divergence and complex beam profile. Hence, the instrument is

well suited to deal with various complex sample environments for high-pressure

studies.

Corrections on SNAP and TOPAZ Since most experiments carried out on

these two instruments are part of the development of single-crystal neutron-

diffraction in diamond anvil cells for the SNAP beam-line, all corrections are

discussed in detail in chapter 4.
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3.3 Ancillary Techniques and Pressure Scales

3.3.1 Raman Spectroscopy

In 1928 C. V. Raman and K. S. Krishnan first published their paper on ”A New

Type of Secondary Radiation”, a study that is the basis for what is now known

as Raman Spectroscopy [225]. This technique proved to be an immensly useful

tool for the investigations of molecules. In the simplest case it can be used to

identify the presence of different molecular species in a sample. As such it can

be used to confirm a successful loading of a DAC especially if the sample can not

be seen by microscopic techniques (e.g. gases). Since the spectrum of a sample is

dependent on its environment, it can also be used to observe phase transitions by

tracking the Raman spectrum as a function of pressure and temperature. Usually

such changes can be observed by discontinuities, peak-shifting, and peak-splitting.

Raman spectra can thereby easily be recorded through the two diamond windows

which are transparent to the laser light used in Raman spectroscopy.

In this work, Raman spectroscopy is only used as a secondary technique and for

preliminary measurements. Hence, only a basic introduction to this theory is

provided here. A more thorough explanation and discussion of this technique can

be found elsewhere (c.f. Smith and Dent [226]).

When light is scattered by molecules, the electromagnetic wave can either be

scattered elastically or inelastically (see figure 3.6); the former scattering process

of light is known as Rayleigh scattering, while the latter is Raman scattering

[225]. In both cases the electromagnetic wave is absorbed by the molecule which

is promoted into a higher virtual state: the molecule becomes a small radiating

dipole. The light is re-emitted shortly afterwards and the molecule drops back to

a lower energy state. While in the case of Rayleigh scattering (elastic scattering)

the re-emitted photon has the same frequency as the initially absorbed photon,

in the case of (inelastic) Raman scattering the frequency changes. This second

process, Raman scattering, is by far weaker, only occurring approximately once

in every 107 Rayleigh scattering events [226].

In cases where the Raman scattering process causes a transition in the vibrational

or librational mode of the molecule from a lower to a higher energy level, the
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Figure 3.6 Showing the energy state transitions involved in the Rayleigh and
Raman scattering processes. The colouring shown for Stokes
and anti-Stokes scattering types indicates the shift in the re-
emitted photon towards the higher (blue) or lower (red) end of the
electromagnetic spectrum (no shift occurs in the case of Rayleigh
scattering). Taken from Amos 2015 [53].

emitted photon carries a lower energy than that absorbed, and the process is

referred to as Stokes scattering. In the opposite case, where the transition is

from a higher energy vibrational or librational mode to a lower energy level, the

photon is emitted with more energy than that of the absorbed photon, and is

referred to as anti-Stokes scattering [226].

Whether Stokes or anti-Stokes scattering will occur is highly dependent on the

population of the respective states involved. The population of the starting and

end state is dependent on the temperature of the sample which can sucessively

be described by a Boltzmann statistic. This means that Stokes scattering is

always stronger than anti-Stokes scattering even-though the two cases can reach

a similar likelihood at high temperatures. From the ratio of Stokes and Anti-

Stokes scattering events it is furthermore possible to determine the temperature

of a sample [226].

As discussed above, a molecule that has been excited into a virtual state vibrates

about its equilibrium position. The amount of possible vibrational or librational

modes that can be excited in Raman scattering depends on the type of molecule.

Assuming N atoms in a molecule, each atom can move along the three axes in
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Figure 3.7 Illustrating the four possible vibrational modes of a triatomic, linear
molecule. Note that the bending mode is 2-fold degenerate. Taken
from Amos 2015 [53].

space which results in 3N degrees of freedom. The number of vibrational modes is

therefore 3N minus the number of translational and rotational degrees of freedom;

3N–5 for linear and 3N–6 for nonlinear molecules. This means a linear triatomic

molecule such as CO2 has four vibrational degrees of freedom (see figure 3.7); a

bent triatomic molecule such as H2O has three degrees of freedom. Each of these

modes appear in a Raman spectrum as a peak shifted relative to the frequency

of the radiation which caused the excitation - the Raman shift.

3.3.2 Ruby Fluorescence - A Handy Pressure Scale

In high-pressure experiments it is essential to determine accurately the pressure

of a sample. Initially the only reliable way to determine the pressure of a sample

were diffraction experiments and the determination of the lattice parameters of

a pressure-calibrant (see section 3.3.3). It was not until 1975, that an accurate

pressure measurement was possible without diffraction [227–229].

In Raman scattering the incident photon is not fully absorbed and exciting its

vibrational or rotational energy states. A related process is fluorescence which

occurs if a photon is completely absorbed causing the molecule to jump to a higher

electronic state. Upon return to a lower energy state, light is emitted again. It

was observed that the fluorescence of chromium-doped corundum (ruby) is highly

pressure sensitive. Piermarini et al. used this to calibrate the wavelength of the

R1-line, the strongest and sharp fluorescence line of ruby, against pressure. This

resulted in a highly accurate pressure scale up to 195 kbar for the ruby fluorescence
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Figure 3.8 The ruby pressure scale: The shift of the R1-line of the ruby
fluorescence spectrum as a function of pressure up to 800 kbar by
Mao et al. [54]; Inset: R1- and R2-lines of the fluorescence spectrum
of ruby. Taken from Amos 2015 [53].

shift [227]. As can be seen in figure 3.8, the ruby pressure scale has been greatly

extended to higher pressure [54]. By simply adding a small amount of ruby to

a sample, it hence became possible to readily measure the pressure in a DAC

utilising the transparent window the diamond-anvils offer.

Two problems of this pressure scale shall be discussed here. First, the ruby

method is sensitive to deviatoric stress, caused by non-hydrostatic conditions

(e.g. by compressing a sample that is not in a fluid state). The two strong ruby

lines that are close together (see inset in figure 3.8) broaden and an overlap of

these spectral lines can give an indication of the presence of this type of stress. As

such, ruby fluorescence can be used as an indicator for the loss of hydrostaticity

due to the solidification of the pressure transmitting medium. Second, the ruby

method is sensitive to temperature. The R1-peak also shifts with temperature.

However, this problem can easily be overcome by simultaneously measuring the

temperature of the sample and correcting for the effect of the temperature.

This method is now standard in DAC work and will hence not be further discussed

here.
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3.3.3 Other Pressure Calibrants: Equations of State

Before ruby was used as the standard method to determine pressure other

methods had to be used for this purpose, namely mixing a material with a very

well defined equation-of-state (EoS) into the sample. From the diffraction pattern

the lattice parameters of this pressure calibrant are determined which allows for

the accurate calculation of the pressure in the sample.
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This EoS method is still frequently employed if the sample is not optically

accessible as it is the case in the PE -press; the opaque anvils and gasket do

not allow for a measurement of the ruby fluorescence spectrum. A standard EoS

used in this work is the Birch-Murnaghan equation of state as given in equation

3.2 (see [230, 231]). To that end, a material with a well defined EoS is mixed

with the sample and the diffraction pattern of the added material can be used

as a pressure calibrant. While this method is highly accurate, it is prone to

systematic errors; it heavily relies on an accurate measurement of the calibrant’s

lattice parameters and is therefore sensitive to inaccuracy in the calibration of the

used neutron instrument. Furthermore, the inclusion of a second material means

that the sample volume is reduced, leading to longer data collection times. It is

also possible that the peaks of the sample and the pressure calibrant overlap; this

can cause problems in the data analysis. Finally, the pressure calibrant - if not

chosen carefully enough - can chemically react with the sample compromising the

whole data. In order to overcome these problems, a pressure calibrant is employed

only when needed and in a minimal amount.

For experiments in a PE -press, lead (Pb) - which is a cheap and readily available

material - is used; the EoS used here was measured by Straessle et al. in 2014

against NaCl [232]. In some cases it was also possible to use the EoS of the

sample (e.g. due to excess water) as an internal standard for this method.

3.3.4 Density Functional Theory (DFT)

Beyond the experimental techniques discussed above, for this work DFT (density

functional theory; an ab initio method) was used to predict or verify structures

obtained from neutron diffraction data. A detailed theoretical background for
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this technique would go beyond the scope of this thesis, so only the basics are

mentioned here; for an in-detail discussion I would like to refere to a textbook on

density functional theory, such as written by Sholl and Steckel [233].

In brief, DFT uses the energy of a structure based on the calculation of the

inter-atomic forces of a given arrangement of atoms [233]. To solve a many-

electron wavefunction for a large system (e.g. the sI type clathrate 46 water

molecules) would by far exceed any computational capabilities. In order to

overcome this problem, the Kohn-Sham ansatz is used, in which the interacting

system is replaced by a non-interacting one. This ansatz corresponds to a mean-

field approach, where the wavefunction is decomposed into a product of single-

electron orbitals. However, the so obtained Kohn-Sham orbitals have no physical

meaning and are only used to reproduce the correct electron density. A lowest-

energy solution for the system can then be obtained iteratively.

After obtaining the energy and density map of the starting structure, the

atoms are moved similar to MCSA but based on the calculated forces that

they experience. The calculations are repeated and (hopefully) an energetically

favourable arrangement is found. In this work, only simple functionals such as

the local density approximation (LDA) or the generalized gradient approximation

(GGA) have been used. While they producing accurate results for the structural

and energetic properties of a structure, they fail when it comes to describing the

band-structures of semiconductors and insulators by underestimating their band-

gap [234, 235].

Furthermore it should be mentioned here that the semi-local exchange-correlation

functional used for these calculations does not fully account for longer range

dispersion interactions which may be present. As a result, the pressure

estimations for calculated structures are higher than seen in experiment, an effect

well known for ice [236].

DFT techniques can be used to predict high pressure phases that are not exper-

imentally accessible or for which no sufficient data is available by applying this

method to a large numbers of pseudo-randomly generated structures. Examples

thereof are the programs Airss (Ab Initio Random Structure Searching) [237, 238]

and Calypso (Crystal structure AnaLYsis by Particle Swarm Optimization).

The latter, Calypso, was initially used for a structure prediction in chapter
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6 but did not yield any useful results. More relevant to this thesis, however,

is the application of this technique to verify experimental observations, i.e. to

see whether a structural arrangement based on experimental data is plausible.

This is particularly useful for data of poor quality, or when the structure is too

complicated for solution from powder diffraction data alone - either of which is

usually true for neutron-diffraction under high-pressure.

For this work, the Castep software suite [239] was used and the author would like

to state that all DFT calculations shown in chapter 8 were carried out by Lewis

Conway under the supervision of Dr. Andreas Herrman (see the publication based

on this chapter [1]). All other calculations were carried out by the author himself.
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Chapter 4

Quantitative Single-Crystal

Neutron-Diffraction in DACs

As outlined in chapter 2, the pressure limit for quantitative neutron diffraction

has for a long time been limited by the large sample volumes needed. However,

recent developments in diamond synthesis have paved the way for new large-

volume diamond anvil cells (DAC) [218, 220, 240]. Combined with extremely

bright neutron sources, available at the Spallation Neutron Source (SNS) a

facility located at the Oak Ridge National Laboratory, neutron diffraction up

to a pressure up 110 GPa has been made possible [240, 241]. This technique

has, so far, mainly been used for powder diffraction and, as such, has its limits.

For many crystallographic studies, single-crystal techniques are critical in that

they provide a much higher (real-space) resolution by enabling access to short

d-spacing Bragg reflections that would be heavily overlapped in a powder study.

At pressures >50 GPa powder methods, for example, give the same solution for

a 1-site and 2-site model of a hydrogen bond in high-pressure ice (cf. Guthrie et

al. [241]).

Of equal importance, single-crystal methods avoid the need to deuterate samples.

The concentrated signal from sharp single-crystal Bragg spots remains visible

on top of the incoherent scattering originating from hydrogen 1H that would

overwhelm distributed powder intensities. Use of DACs for high-pressure single-

crystal neutron diffraction (HP-SCND) therefore paves the way for studies of

hydrogen-rich systems to pressures currently inaccessible and with unprecedented

structural detail.
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However, quantitative single-crystal neutron diffraction (SCND) studies under

high pressure in DACs remain challenging, albeit sucessful attempts have been

made. Binns et al. published a set of experiments at ANSTO’s KOALA,

a neutron Laue diffractometer, using a Merrill-Basset-type diamond cell with

conical Boehler anvils (�culet=1 mm). It demonstrated sufficient data quality

for refinement on crystals of typical X-ray diffraction sizes [242]. Furthermore,

at Heinz Maier-Leibnitz Zentrum (MLZ)’s four- circle diffractometer HEiDi,

monochromatic neutron diffraction was performed in a panoramic DAC with

conical Boehler anvils and achieved high-quality data under compression to 1

GPa. Another successful test of the cell/anvil setup with 1.5 mm culets reached

7 GPa [243]. These studies are mainly aiming for magnetic materials and large

unit cells, but do not report a good enough resolution in the high-Q range to

investigate H-bonds.

The goal here is to benchmark SNAP, a high-pressure time-of-flight diffractometer

at the SNS for the quantitative structure analysis of single crystals containing

hydrogen or other light elements in a DAC. As a reference, a similar set

of experiments was carried out on TOPAZ, a well-established single-crystal

instrument also at the SNS. Here, a set of trial experiments to investigate

the relationship between sample volume and data quality is presented. These

properties are inversely related to one another yet, unavoidably, the former

is strictly limited in high-pressure studies. The systematic study of the

crystallographic limitations of progressively smaller sample volumes is a critical

first step in the development of routines for quantitative single crystal structure

refinement in a DAC.

Furthermore, the influence of the complex sample environment consisting of

diamonds, gasket, and cell body on the data quality is shown. To that end,

a structural refinement of the deuterated ferroelectric potassium dihydrogen

phosphate (KD2PO4, DKDP) is carried out. Finally, the data reduction

procedure and all necessary corrections were tested against an ice VI single-crystal

grown in a diamond anvil cell and an initial trial to obtain structure factors of a

single-crystal of hydrogen H2.
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4.1 Material and Methods

DKDP is a classic example of a short hydrogen-bonded system, which has

already been heavily studied – its structural properties are therefore well known

[244]. DKDP (KD2PO4), is a tetragonal body-centred crystal (space group I 4̄2d;

No 122), with lattice parameters at ambient conditions of a=7.469(1) Å and

b=6.976(1) Å (unit cell volume 387.29 Å3). A unit cell contains four hydrogen-

bonded formula units of KD2PO4, with all the hydrogen bonds lying in the ab-

plane. It is well known that the DKDP’s deuteration ratio has an influence on its

lattice parameters; in the figure 4.1, the lattice parameter a=b and the c/a ratio

are plotted as a function of deuteration (data taken from Wang et al. [245]). The

red dots at 94% thereby give the lattice parameters for one of our measurements.

Our data, fits the trend as published by Wang et al. and Nelmes et al. quite well.

The DKDP was synthesised at SNS by dissolving KDP (potassium dihydrogen-

phasphate, KH2PO4) in D2O and recrystallising out of the solution. This

procedure was repeated three times and two sample crystals were cut from the

deuterated crystal. The larger of the two had a volume of 1.028 mm3 and the

small one had a volume of 0.028 mm3 (disc-shaped; �=0.6 mm, h=0.1 mm) [244].

The latter volume was chosen because it is suitable to fit the sample chamber of

diamond anvil cells for neutron diffraction [218].

Figure 4.1 Influence of the deuteration ratio on the lattice parameter a = b of
KDP and DKDP as found in literature.
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As outlined in chapter 2, SNAP is a diffractometer designed for high-pressure

experiments. This instrument has so far mainly been used for powder studies, its

capabilities for a full structural refinement of SCND data have so far not been

tested. TOPAZ on the other hand is the dedicated single-crystal instrument at

SNS; its design does not allow for the use of large pressure cells. For a more

detailed discussion of the instruments used here, please refer to this chapter.

However, for the data reduction - particularly for the absorption correction - the

geometry of the two instruments is important and has to be mentioned here. For

both instruments, the primary beam enters the sample along the z+ axis and the

sample can be rotated relative to the primary beam. On TOPAZ, the goniometer

allows for a rotation of the Φ and Ω angle with X being fixed to 135o; on SNAP,

only a rotation about the y-axis (angle Ω) is possible, with X and Φ being fixed

to 0o (see figure 4.6).

Figure 4.2 Left: Coordinate system on TOPAZ and SNAP. The beam direction
is along the z-axis. The angles θ and Ψ give the direction of the
diffracted beam. Right: The goniometer angles X, Φ, and Ω. On
TOPAZ X is fixed to 135o; on SNAP X and Φ are fixed to 0o. Taken
from Massani et al. [2].

Patterns of the bare crystals were collected for about 3 h per orientation both

on SNAP and on TOPAZ. From this initial measurement on TOPAZ it was

possible to refine the deuteration ratio of the DKDP to be > 94%; this value was

fixed for all subsequent refinements. Please note that the lattice parameters of

KDP/DKDP are strongly dependent on the deuteration ratio (see figure 4.1 and

table 4.5).
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Subsequently, the small crystal was placed in a DAC (SNAP) and a ”mock-DAC”

(TOPAZ). The ”mock-DAC” was used because the sample stage on TOPAZ

cannot support the weight of a real DAC. A DAC is is formed by a metal

gasket with a small sample chamber between two diamonds held together by

a cell body made from hardened steel or beryllium-copper alloy. For the detailed

design see chapter 2 or the original publications by Boehler and Haberl [218–

220]. The ”mock-DAC” had the same basic parts but held together by a much

lighter aluminium scaffolding instead of the heavy cell body to be able to mount

it on the goniometer on TOPAZ. In both cases a collimator of 3 mm in diameter

was chosen. Patterns of the crystal were then collected in the ”mock-DAC” on

TOPAZ for ten orientations (3x10h and 7x6h). Similarly, six orientations on

SNAP were recorded (the sample rotation on SNAP is limited to a single vertical

axis whereas TOPAZ has a two-axis orienter). On SNAP data collection was

limited to only 3 h collections per orientation.

The data reduction was carried out using the Mantid data analysis and

visualization package [246]. All crystallographic refinements were carried out

using ExpGui [181], the graphical user interface for Gsas-I [182].

4.2 Initial observations

4.2.1 Single Crystals on SNAP: Improvement of Data Quality

The main aim for these experiments is to extend the pressure range for SCND

on SNAP and by doing so, improve the data quality of high-pressure neutron-

diffraction experiments. However, the possibilities and limits of single-crystal

diffraction under ambient conditions on SNAP had to be investigated first. To

that end, the large (1 mm3) crystal was measured on SNAP and the same data

reduction procedure as used on TOPAZ was applied to obtain the structure

factors. In total, 1027 structure factors for this crystal were obtained (after outlier

removal). An initial refinement of this dataset based on the crystal structure of

DKDP resulted in an overall Rw value of 0.067; this model has two hydrogen

atoms placed between two oxygen atoms, each of which has an occupancy of

0.5. In figure 4.3 the left plot gives the observed structure factors Fobs versus the

calculated structure factors Fcal for this refinement; note that in the case of a

perfect match between the model and the data, all data points should lie on the

dotted line.
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Figure 4.3 Left: Refinement of DKDP with two symmetrical hydrogen positions
with an occupancy of 0.5. Right: Model of a centred hydrogen atom
with an occupancy of 1 between two oxygen atoms.

To see whether the hydrogen positions are clearly resolved, a second (wrong)

model of a perfectly centered hydrogen bond was used (right plot in figure 4.3).

From the Fobs vs Fcalc plot of this completely symmetrical bond it is evident that

the data points are spread out more and hence allows for the conclusion that the

quality of the fit to the wrong model decreases. This was also quantified by a worse

overall Rw value of 0.123. Simultaneously, it is evident from the —Fobs-Fcal—/Fcal

that small structure factors (high-Q) fit worse than large structure factors (low-

Q). This is not surprising as the information of the hydrogen positions is given

by the high-Q structure factors.

This latter observation was hence used to determine a possible cut-off for high-Q

data. In Figure 4.4, the root-mean-square displacement of atoms from the “ideal”

structure as a function of a d-spacing cut-off is shown. For the various data points,

structure factors with a smaller d-spacing than the cut-off were ignored for the

refinement. It is – once again – evident that the oxygen positions are hardly

affected at all by a high-Q cut-off, while the hydrogen atoms are no longer at the

right position if all reflections <0.9 Å are ignored.

These initial measurements all indicate that SNAP is perfectly suited for single-

crystal diffraction, albeit that the angular coverage is smaller than that of a

dedicated single-crystal diffractometer.
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Figure 4.4 Root-mean-square displacement of the hydrogen atoms in comparison
to the true positions as a function of the data cut-off.

4.2.2 Effects of the Sample Size and Deutration Ratio on

the Data Quality

As a first step, the volume restrictions were investigated and the influence of the

sample environment on the data quality using a fully benchmarked instrument.

To that end the small, DAC-sized crystal was measured on TOPAZ, the dedicated

single crystal instrument at SNS. This marks the smallest crystal measured on

this instrument to date. As mentioned above, ten orientations of the crystal were

measured for 3 h each; each orientation contributed about 100 reflections to the

overall data set of 1044 reflections, after removing outliers.

The structural refinement of the dataset obtained from this experiment yielded

values consistent with those reported in literature (see Tibballs et al. [244]).

The respective structural information is given in table 4.4 (cf. appendix to this

chapter). This data set was used as a baseline for all subsequent measurements.

In general, the deviation of the structural parameters from the literature values is

very small and might be a feature introduced by a slightly different deuteration
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ratio of our sample compared to that of Tibballs et al. As mentioned above,

the ratio of KDP (a = 7.4521(4) Å, c = 6.974(2) Å, a/c = 0.936) to DKDP

(a = 7.469(1) Å, c = 6.976(1) Å, a/c = 0.934) has a large influence on the

lattice parameter a = b; KDP expands more in the ab-plane than along the c-axis

when deuterated. This behaviour is due to all the H-bonds being arranged in

this plane. However, the obtained structural parameters are afflicted by larger

errors of about one order of magnitude higher compared to the results published

by Tibballs et al. Note that this is a direct result of the small sample volume,

with the low intensites (high-Q) having a greater statistical uncertainty.

In general, our measurements are accurate albeit not as precise as the literature

values. Still, these results show that even in a DAC-sized crystal it is possible

to resolve the exact hydrogen/deuteron positions accurately on a well-calibrated

neutron diffractometer.

Figure 4.5 (a), (b) The observed doublet in d-spacing and along Qx. In both
cases two Gaussians were fitted to the data to obtain the peak
maxima. (c) Simulated peak for KDP (red) and DKDP (green).
(d) Pictures of the split-peak on a detector module on TOPAZ. (e)
Pictures of the doublet on a detector module on SNAP. Note that
the peak itself consists of a 3x3 ”checkboard” pattern as a result of
the short guide (cf. section 4.3.3).

By examining the diffraction patterns it was possible to identify a shoulder on

some Bragg reflections. This shoulder was only visible in the most intense Bragg

reflections. In figure 4.5, the 020 peak at about 3.8 Å is shown with such a
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shoulder in d-spacing (Fig. 4.5 a) as well as along the Qx direction in the lab

frame-of-reference (Fig. 4.5 b). In both cases two Gaussians were fitted to the

data to obtain the position of the peak maxima and their intensities. Due to

the small d-spacing difference of about 0.1 Å, a twinned or broken crystal can be

excluded. From simulated patterns of KDP and DKDP (Fig. 4.5 c), it is apparent

that in those patterns the 020 reflections are also shifted by about 0.1 Å as a

result of the effect of deuteration on the lattice parameters [244, 245]. Therefore,

it was concluded that a small part of the crystal is undeuterated KH2PO4 (KDP).

Based on the intensities of the split 020 reflections (as seen in Figure 4.5) it can

be estimated that ∼4% of the crystal was KDP; this is in the same order of

magnitude as the established deuteration of ∼94% obtained by refinement of the

whole data set. As the 4%-estimate is only based on one reflection, a rather large

large error can be assumed on this value.

Possible explanations for the existence of KDP in the sample are either an

incomplete H-D exchange during the synthesis of the DKDP or the exchange

of H and D on the surface of the crystal due to hydrogenous water in air. The

former explanation would suggest that hydrogen is incorporated in the whole

bulk of the crystal and thus a shift and a broadening of the peak should be

observed. However, the existence of a shoulder indicates that particular regions

of the crystal are less deuterated than others. This favours the second theory of

an H-D exchange due to H2O in air and the formation of a KDP layer on the

outside of the crystal.

As mentioned above, the shoulder was only visible in low-Q (high d-spacing)

peaks; thus, a separate integration of the peaks was not possible. Based on the

assumption that the splitting is a result of the deuteration ratio, it was ignored

and the split reflections were integrated together. However, the deuteration ratio

for all the subsequent refinements was fixed (94%) to take peak broadening into

account.
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4.3 Establishing a Data Reduction Procedure

4.3.1 Problems obtaining the peak positions:

The Limits of TOPAZ’s Automated Algorithm

Subsequently, the crystal was placed in a DAC (SNAP) and a mock-DAC

(TOPAZ) and patterns were recorded. Several crystal orientations were measured

and then analysed with the standard procedure used on TOPAZ. That is, a

UB was manually constructed from the observed Bragg reflections of the first

orientations, which was then applied on all other orientations by rotating the UB

about the same axis as the crystal. Using the UB, the position of the SXL-Bragg

peaks in Q-space were then predicted and integrated using the Mantid algorithms

PredictPeaks and IntegrateEllipsoids. All these steps are thereby automated and

hence user-friendly. The so-obtained list of structure factors, Fobs, was then used

for a refinement. This precedure, although yielding a good fit for a bare crystals,

led to a very unstable refinements for the very same crystal in a DAC environment.

Figure 4.6 (Left) Uncorrected raw data as a function of the wavelength.
The intensities of the (211) reflections are plotted for the case
of TOPAZ’s automated integration mechanism and a manual
integration in Q- and HKL-space. (Right) wrongly predicted peak
positions (red) and actual peak positions (green) on a SNAP
detector.

In the left panel of Figure 4.6 the intensities of the (211) reflections as

obtained from the standard, automated, procedure are depicted as a function

of wavelength. This family was chosen because its peaks are strong and

spatially separated from any powder line (produced from the gasket) and from

the diamond’s single-crystal peaks. As a reference, the same reflections were
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integrated completely manually. In order to do that a box was drawn around the

respective Bragg peak in Q-space using the Mantid slice viewer function. The

obtained peaks were then background corrected and a Pseudo-Voigt function

was fitted to them using Origin1. No corrections have been applied to this data.

(Corrections usually applied to SCND are λ4, Vanadium, Lorentz, and absorption

correction, in which case all intensities of the same family should have the same

reduced, structure factors squared F2; see chapter 2. Here, however, only the

raw data was of interest.) From the λ4 dependency of the intensities, it would

be expected that the values for the intensity of the same peak family increases

with wavelength. While the manual integration follows this trend (in both cases,

the integration in Q and in HKL space), TOPAZ’s automated integration does

only to a certain degree; some intensities are a lot smaller than what the trend

would suggest (e.g. at 1.48 and 2.81 Å), indicating that this integration method

is not suitable for diffraction experiments in a DAC. The UB often predicts

peak positions off-centre the actual peak resulting in wrong intensities, e.g., the

integration of the (211) peak at a wavelength of 1.48 Å gave this peak zero

intensity, indicating that the predicted peak location did not coincide with the

actual reflection at all. This can also be seen in the right panel of figure 4.6;

most predicted peaks (red) are way off the centre of the actual peak (green). In

order to overcome this problem, a separate orientation-matrix for every crystal-

orientation had to be constructed; based on this individual UB, the peaks were

integrated and the resulting intensities were combined for the subsequent data

reduction.

4.3.2 The Effect of the DAC on Data Quality

Due to the contributions of the single-crystal diamond peaks, and the powder

lines of the steel gasket, an increased background, and an increased signal-to-

noise ratio, routines that are well established on TOPAZ failed here. In the

following, problems and approximations used for the data reduction and analysis

are discussed.

Increased Background While light elements (e.g. C, N, O, F, Ne) cause mainly

the emission of an alpha or beta radiation, heavier elements (e.g. Fe and Re)

produce gamma radiation if exposed to a neutron beam [247]. Anger cameras as

used on SNAP and TOPAZ to detect neutrons but are also sensitive to gamma

rays. Since steel, beryllium-copper, or rhenium gaskets are most commonly used
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in DACs, the background is significantly increased if the primary beam hits the

gasket.

While it is possible to minimise the gamma ray emission if the primary beam

enters the cell through one of the diamonds, this geometry limits the accessible

orientations of the single-crystal. Far more orientations can be measured if

the primary beam enters the cell through the gasket, inevitably resulting in a

significant background increase.

Figure 4.7 Comparison of background levels on SNAP (a) and TOPAZ (b)
for the empty instrument (black), the sample on a vanadium pin
(blue), and the full assembled DAC. SNAP: the green curve shows
the background in which the primary beam enters the cell through
the diamonds only, while the red curve is the background for the
case in which the primary beam enters the cell through the gasket.
TOPAZ: The four red curves give the background on TOPAZ for
various orientations of the cell. All plots are normalised to the
proton-current and vanadium-corrected.

For SNAP, the diffraction patterns for the empty instrument (black), the sample

on a vanadium pin (blue), and the full assembled DAC are given in figure 4.7

(a) (all plots are normalised to the proton-current and vanadium-corrected). The

green curve shows the background in which the primary beam enters the cell

through the diamonds only, while the red curve is the background for the case in

which the primary beam enters the cell through the gasket. Please note, that the

background level for the high-Q data are of a similar magnitude in both cases;

the background increases significantly in the high-Q regime if the gasket is in
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the primary beam path. For most elements the absorption cross section σa is

inversely proportional to the wave vector k = 2π
λ

. This leads to more neutrons

being absorbed at higher wavelengths and hence more gamma rays being emitted

[176]. In figure 4.7 (b) the same data are shown for an experiment on TOPAZ

and similar to the experiments carried out on SNAP, an increased background is

observed. (The four red curves show the variation of the background levels for

four cell orientations.) However, the background does not increase at low-Q to

the same extend as on SNAP.

A background reduction could possibly be achieved by a reduction of the beam

diameter from 3 mm to the actual dimensions of the sample chamber.

Gasket Contamination Gaskets for these experiments consist of poly-crystalline

steel and add a parasitic signal to the data. Unlike the parasitic signal from the

single crystal diamond - which is well defined in 3D-reciprocal space - powder

lines emanating from the metal gasket pollute entire d-spacing ranges on the

detector. In figure 4.8 (a) a sample reflection on top of a powder line is shown.

Technically, it should be possible to fit the powder-line and subtract it from the

peak. Such an algorithm has yet not been written for Mantid; hence all sample

reflections overlapping with the d-spacing range of gasket-lines were excluded.

This approximately halved the accessible Q-range for this experiment.

Signal-to-Noise Ratio While it is not possible to reduce the background with

a longer collection time, the signal-to-noise ratio (s/n-ratio) improves with time.

As a threshold s/n = 3 was chosen, meaning a peak that is thrice as intense as the

noise of the background. For the measurement of one orientation, the number of

integrable reflections above the s/n ratio increased with time; the number N was

roughly proportional with the
√
t - after 3, 6, and 8 h the number of integrable

reflections were 5-10, 20-30, and >45, respectively.

Attenuation Correction I - Cell The sample volume of the DAC-sized crystal

was about 0.028 mm3. In comparison, a metal gasket having a diameter of 6.0 mm

and a height of 0.5 mm has a volume of 14.137 mm3 - about 500 times more

than the sample volume. Even if the neutron beam does not immerse the whole

gasket, its illuminated volume exceeds the sample volume. For the attenuation

correction only the contributions of the steel gasket were taken into consideration.
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Figure 4.8 (a) A single crystal peak on top of a powder line with the blue curve
being a fit of the powder-line. The inset gives the single crystal peak
after a subtraction of the powder-line. (b) Powder-lines caused by
the steel gasket. Peaks in the shaded d-spacing regimes were excluded
during the data reduction.

For the data reduction, a spherical model was used, i.e. the gasket was modeled

as a (hollow) sphere and hence the attenuation was uniform for all scattering

angles. The radius of the attenuation sphere was chosen to be 1.5 mm. - the

diameter of the beam used for this experiment - and consisted of Fe, Cr and Ni

in their respective abundance. Stainless steel as used for this experiment is an

alloy composed of roughly 70% Fe, 20% Cr, and 10% Ni. The other elements in

stainless steel such as Mg, Si, P and C were omitted from this model as their

abundance is usually less than 2%.

Furthermore, it was tried to improve the attenuation model using an analytical

beam-tracing approach; to that end, a 3-dimensional model of a diamond anvil

cell was created in Python (cf. inset in the left panel of figure 4.9). This model has

the same frame of reference as the TOPAZ instrument and is freely rotatable in

3D about Φ, χ and Ω (cf. TOPAZ specification sheet[224]). Instead of a diamond

with an angle of 82o (as in a real DAC), the diamond was modeled as a cylinder

with the same radius as the culet. This simplification can be justified by two rea-

sons. Firstly, as can be seen in figure 4.9 (b) the overall path-length through the

diamond is small compared to the path-length through the gasket. And secondly,

the scattering cross-sections of carbon (σs=5.551 barns, σa=0.004 barns) relative
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Figure 4.9 (a) Transmission of a steel gasket for the geometry Φ=-15o, X=135o

and Ω=0o. The model of a DAC used for this experiment is shown in
the inset. For the beam, four cases for the path can be distinguished:
(I) diamond-only, (II) diamond-gasket, (III) gasket-diamond-gasket,
and (IV) gasket-only. (b) The respective path lengths through
diamond and gasket.

to those of iron (σs=11.62 barns, σa=2.56 barns), chromium (σs=3.49 barns,

σa=3.05 barns), and nickel (σs=18.50 barns, σa=4.49 barns) results in a smaller

contribution of diamond to the total attenuation[176].

The total beam-path Di = dini + douti was calculated, with din and dout being the

path lengths through the respective materials to the centre of the sample chamber

and from the centre out of the cell, respectively. The un-attenuated intensities,

I0, can then be calculated according to Beer’s law from the observed intensities,

Iobs as

Iobs = I0 ·
n∏
i=1

exp

(
−ρiDiσ

s
i − ρiDiσ

a,‡
i ·

mneutλ

h
· 2200

m

s

)
. (4.1)

In this equation ρi are the atom densities in atoms/m3, Di are the path-lengths,

σsi are the scattering cross-sections and σa,‡i are the absorption cross-section at

1.798 Å (v=2200 m/s) [168, 176]. For most nuclides, the scattering lengths and

cross-sections are independent of the incident neutron wave vector in the thermal

neutron region, while the absorption cross-sections are inversely proportional to

v, the velocity of the neutron [176, 248].
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The so obtained transmission as a function of the angle α (the angle of a beam

relative to the gasket plane) for the geometry Φ=-15o, X=135o and Ω=0o is given

in figure 4.9. It can be seen that the intensities of the reflected beam in this case

vary by about 3%, with beams that are in plane with the gasket being attenuated

the most. This model, although more accurate than the spherical model, did not

improve the Rw for the refinements significantly.

An attempt to refine anisotropic thermal parameters was made but proved

unstable because the number of observed reflections was insufficient.

Attenuation Correction II - Diamond Dips In a TOF neutron diffraction

experiment, the incident neutron beam travels through a single-crystalline

diamond. Neutrons with a certain wavelengths will fulfill the Bragg condition and

hence be scattered. This can be seen in the transmission spectrum by ”diamond

dips”, which further decreases the intensity of incident neutrons around certain

wavelengths [179]. Guthrie et al. showed that this effect is negligible at low

pressures but becomes more pronounced with pressure. Since experiments in this

work were a) carried out in a way that the primary beam enters the cell through

the gasket and b) were not carried out at high enough pressures, this effect was

ignored here. At higher pressures and other geometries, an additional correction

for ”diamond dips” also has to be applied.

Extinction Correction For the extinction correction a first-order Lorenzian

model from GSAS-I was used. A better result for the bare crystal was obtained

using the extinction models by Becker and Coppens 1974 [249] as employed by

the Jana software package, but was not used here since all other error sources

for this experiment outweighed the error due to extinction.

Integration and Refinements Several routines for the integration of the Bragg

reflections obtained from the experiment were investigated. In figures 4.10 and

4.11 the plots show the calculated vs the observed structure factors, Fcalc and

Fobs, respectively, for the investigated integration and data-reduction routines.

In an ideal case, Fcalc from the structural model and Fobs obtained from the

experiment are the same, Fcalc=Fobs, indicated by the broken grey line. The

insets in the respective plots show the relative difference between Fobs and Fcalc

(|Fobs − Fcalc|/Fobs) as a function of Fobs.
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Figure 4.10 Observed versus calculated structure-factors for: (a) The bare
crystal without a sample environment, (b) using the standard
TOPAZ algorithm (DACa), (c) a refined UB for every orientation
(DACUB), and (d) a selected subset of peaks (DACs). The
insets give the relative difference between observed and calculated
structure-factors as |Fobs − Fcalc|/Fobs as a function of Fobs.

First, the integrations were carried out using the standard TOPAZ algorithm

(DACa), which automatically predicts peaks, finds a UB, and integrates the

respective peaks. This automated algorithm failed here (see section 4.3.1), as can

be seen by strong scattered structure factors in figure 4.10 (b). It is not surprising,

that small structure factors (usually high-Q structure factors) fit particularly

poorly. This refinement gave an overall Rw of 0.201, with Rw being the residual

factor (R-factor)

Rw =

√∑
|w|Fobs − Fcalc||2∑
|wFobs|2

. (4.2)
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With a refined UB-matrix for every orientation (DACUB), Rw was reduced to

0.145, suggesting still a bad fit of the model to the data. Hence the peaks were

picked manually in order to ensure that the Bragg reflections actually used for

the refinement were not on a powder line or close to a detector edge and had a

sufficient s/n-ratio for the integration. Using this subset of peaks (DACS), Rw of

0.117 was obtained, a much better result than for the other routines. The Fobs

vs Fcalc plots for the DACUB and DACS routine are depicted in figure 4.10 (c)

and (d), respectively. The integration discussed above was carried out using the

IntegrateEllipsoids algorithm [250, 251].

Figure 4.11 Observed vs Calculated Structure factors for (a) a refined UB
for every orientation (DACUB,P ), and (b) a selected subset of
peaks (DACS,P ). The integrations were carried out using the
IntegratePeaksProfileFitting algorithm. The insets give the relative
difference between observed and calculated structure factors as
|Fobs − Fcalc|/Fobs as a function of Fobs.

The same data sets as used in DACUB and DACS were then re-integrated using

the IntegratePeaksProfileFitting algorithm (DACUB,P and DACS,P , respecively).

This algorithm uses two Gaussians to fit a peak in Q-space, an actual fitting

technique. Compared to the IntegrateEllipsoids algorithm, the intensities and

sigmas of the fitted peaks are in a better agreement with the data, particularly

for weak reflections close to the s/n threshold [252]. The best fit of the data by

the model was obtained using this method (cf. figure 4.11) with Rw of 0.110 and

0.087, respectively.
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The respective results for all the refinements are given in table 4.4 in the

appendix. Furthermore, all structural parameters are within 1σ of the data

obtained from the bare crystal and hence comparable. Note that the data

set integrated using the IntegratePeaksProfileFitting is not only more accurate

than the data from the other routines, it also is 2-3 times more precise. Full

structural refinements from single-crystal data in DACs are therefore possible on

well calibrated diffractometers with Anger cameras.

4.3.3 Is Quantitative Structure Refinement of

Hydrogen-Rich Systems in a DAC on SNAP Feasible?

SNAP is the dedicated high-pressure diffractometer at SNS, and, by design, has

a much higher flux than TOPAZ, a feature that is needed for high-pressure

experiments. However, SNAP has primarily been used for powder studies and

fully quantitative SXL work on systems containing light elements has not been

explored yet - hence its capabilities for single-crystal diffraction had to be tested.

To that end, a single crystal of DKDP (about 1 mm3) was placed on a vanadium

pin and and diffraction patterns of ten orientations, each measured for 3 h, were

collected. Compared to TOPAZ the detector coverage is more limited and the

sample stage deployed for this experiment allowed for rotations about the vertical

omega axis only. These limitations reduce the Q-space coverage in comparison to

TOPAZ. It was possible to utilise TOPAZ data-reduction procedures for SNAP.

The results of the refinements for the data collected are given in table 4.5 (cf. table

4.5 appendix). A total of 1027 reflections were observed and an Rw of 0.067 was

obtained. All structural parameters are within 1σ of the reference measurement

carried out on TOPAZ (see section 4.2.2). Note that the larger deviation in the

lattice parameter a = b stems from the limited rotation geometry which leads to

an under-representation of reflections along the c-axis.

Compared to TOPAZ, SNAP has a shorter focusing guide which allows for a

higher flux, a feature needed for high-pressure powder diffraction. The guide’s

curvature profile is not ideally suited to its location at the instrument leading to a

more complex beam profile and a splitting of a peak into 9 distinct spots in a 3x3

”check-board pattern” on the detector (see figure 4.8 (e)). The integration was

carried out over the whole area of the respective peaks, with the peak maximum

forced to be at the centre of the 9 spots as this corresponds to the direct beam,

not affected by the guide.
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Subsequently, this experiment was repeated with a DAC-sized crystal and similar

results for the refinement were obtained (cf. table 4.5). A total of 279 reflections

from six orientation (3 h each) were observed and an Rw of 0.090 obtained. Even

though the number of observed reflections dropped by a factor of 4, the structural

parameters remained well within 1σ of the larger crystal and within 1-2σ of the

reference measurement on TOPAZ. Please note that the error-bars only tripled

by reducing the volume by a factor of 35 from 1.028 mm3 to 0.028 mm3.

These results show that SNAP as it is setup presents some limitations but in

principle similar data quality as on TOPAZ can be achieved and as such can

yield accurate structural data.

Finally, the small crystal was placed in a real diamond anvil cell for neutron

diffraction and measured as well. (Rotations about omega only; the primary beam

entered the cell through the gasket). The DAC was rotated about omega to six

orientations and patterns were collected for 3 h each. Despite the short collection

time, 56 Bragg peaks with an acceptable I/σ ratio were found and integrated. The

empirical 3n-rule (three structure factors per refinement parameter) suggests that

for an isotropic refinement of DKDP (4 atoms) at least 48 reflections are needed

- which was achieved here. Lattice parameters and structural parameters of this

experiment are shown in table 4.5. The fractional refinements carried out on this

small data set resulted in an overall Rw of 0.336. The atomic coordinates obtained

from this data set are still correct, but due to the reciprocal space coverage

explored, the uncertainties are very large and in the order of 0.05-0.20 Å. With

a similar collection time as on TOPAZ (6-8 h), better results should be possible.

4.4 Application on Samples Under Pressure:

A Structural Study of Ice VI

In order to asses the methods developed here for SCND in a real environment,

a single-crystal of ice VI of a similar size as the small DKDP crystal was grown

in a diamond anvil cell by repeatedly melting and re-crystalising a powder of ice

VI in an ammonia-water pressure medium (Sigma-Aldrich, ND4OD-D2O, 25% ,

>99.99% deut.). Note that the ammonia-water mixture at 1.1 GPa and room

temperature exists as a two-phase system of an ammonia-rich liquid and solid ice

VI (see chapter 1.2.5).
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To grow a single crystal of ice VI, the gasket hole was filled with the ammonia-

water solution (�culet=1.43 mm; steel gasket, �hole=800 µm, indented to 136 µm),

and the sample was pressurised to about 1.1 GPa to form a powder (pressure from

the EOS of ice VI [62]). At this pressure, the melting point of the mixture lies

just above room temperature. The sample was melted by heating the whole cell

on a hot plate and the gasket hole was observed through a microscope (see figures

4.12). The sample was carefully melted melted in a way that only one crystallite

survived; from this small nucleus a single crystal was grown by cooling the sample

back to room temperature.

Figure 4.12 Microscope pictures of the gasket hole loaded with a powder made
of 25% ND4OD-D2O. The powder was melted by heating the
sample and subsequently a single crystal was formed using a single
crystallite as a nucleus. Taken from Massani et al. [2].

To test our method against a sample under pressure, a single crystal of ice VI was

measured. The cell containing the sample was aligned on the SNAP instrument

and patterns for three orientations were collected (about 12h per orientation).

Altogether, 84 structure factors were obtained after the data reduction procedure

and an outlier removal. From the orientation matrices, the lattice parameters of

the single-crystal were found to be a=b=6.2053(61)Å and c=5.7087(22)Å.
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Similarly to DKDP, ice VI is a well known structure and has been studied

thoroughly [55, 62, 253–256]. Ice VI shows a tetragonal crystal system with

the space group P42/nmc; its unit cell contains 10 water molecules and has the

dimensions a=6.1845(1)Å and c=5.6981(1)Å at 1.26 GPa [62]. The oxygen

atoms are on 2a and 8g sites, and the hydrogens are located on three 8g sites and

one 16h site - hence, only 17 parameters are needed for a structural refinement

with isotropic atomic displacement parameters.

Table 4.1 Comparison of structural parameters of ice VI as reported by Kuhs et
al. [55] (top) and this study (bottom). Data were collected on SNAP.

x y z Occ. Uiso

O1 (2a) 0.7500(00) 0.2500(00) 0.7500(00) 1 0.0299(49)
O2 (8g) 0.7500(00) 0.5295(43) 0.1339(38) 1 -
D1 (8g) 0.7500(00) 0.4628(92) -0.0137(86) 0.5 0.0380(51)
D2 (8g) 0.7500(00) 0.3703(64) -0.1365(101) 0.5 -
D3 (8g) 0.7500(00) 0.6872(10) 0.1248(18) 0.5 -
D4 (16h) 0.1325(41) 0.5307(51) 0.7844(51) 0.5 -

O1 (2a) 0.7500(00) 0.2500(00) 0.7500(00) 1 0.0208(25)
O2 (8g) 0.7500(00) 0.5337(25) 0.1306(23) 1 -
D1 (8g) 0.7500(00) 0.4450(40) -0.0120(50) 0.5 0.0211(27)
D2 (8g) 0.7500(00) 0.3850(60) -0.1423(29) 0.5 -
D3 (8g) 0.7500(00) 0.6799(32) 0.1330(40) 0.5 -
D4 (16h) 0.1333(27) 0.5330(30) 0.7930(25) 0.5 -

A preliminary refinement for the 17 parameters in an ice VI crystal resulted in

an overall weighted R-factor of Rw= 0.1302; constraining the isotropic atomic

displacement parameters for the D and O atoms slightly increased the Rw to

0.1477; this was done to compare the structure with the published structure.

(Similar to the DKDP a refinement with anisotropic thermal parameters was

attempted but gave no physically sensible results.)

The structural parameters for ice VI as given by Kuhs et al. [55] and the values

for this refinement are shown in table 4.1. Although only three orientations were

measured for this study, the obtained values are fairly close to the published

structure of ice VI (within 1-2σ). In the right panel of Figure 4.13 the two

structures are depicted on top of each other to highlight the small differences.

Furthermore, the oxygen positions are in accordance to published single crystal

X-ray data (see for example Kamp et al. [254]).
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Table 4.2 Comparison of atomic distances (Å) and angles (deg) of ice VI as
reported by Kuhs et al. [55] and this study.

Kuhs ’84 Here Kuhs ’84 Here
O1-O2 2.788(24) 2.796(15) O1-D2 0.986(48) 1.04(4)
O2-O2 2.726(38) 2.69(4) O2-D1 0.937(55) 0.98(9)
O2-O2 2.778(28) 2.84(3) O2-D3 0.976(51) 0.91(3)
avrg. 2.774 2.775 O2-D4 0.939(32) 0.94(2)

avrg. 0.961 0.968

D1-D2 0.906(21) 0.81(8)
D3-D3 0.976(38) 0.99(8)
D4-D4 0.780(24) 0.87(2)
avrg. 0.887 0.89

O2-O1-O2 128.02(45) 127.1(4) D2-O1-D2 115.51(2.29) 115.6(2)
O2-O1-O2 76.60(73) 78.1(6) D2-O1-D2 97.97(4.77) 98(8)
O1-O2-O2 89.32(78) 89.0(5) D1-O2-D4 105.67(3.40) 108(3)
O1-O2-O2 128.30(96) 129.0(3) D1-O2-D3 113.07(4.86) 110.5(15)
O2-O2-O2 76.90(92) 76.7(5) D4-O2-D4 101.29(3.40) 101(3)
O2-O2-O2 128.45(75) 128.3(3) D3-O2-D4 114.97(2.92) 125(13)
avrg. 108.15 104.60 avrg. 109.4 109.5

Figure 4.13 Left: The structure ice VI as reported by Kuhs et al. [55]. Right:
An overlay of the published structure of ice VI and the atomic
coordinates obtained by HP-SCND in this study [2].
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Finally, the differences in the atomic distances (Å) and angles (deg) is given in

Table 4.2. Being able to resolve hydrogen bonds in water with the same accuracy

as established techniques finally proves that the reduction procedure and the

corrections established here are robust and can be used to study single-crystals

in diamond anvil cells on SNAP. This adds this technique to SNAPs repertoire

and opens the possibility of a wide range of experiments.

4.5 Application on Samples Under Pressure:

A Single Crystal of H2

The development of this technique was aimed to one certain goal - namely the

study of hydrogen/deuterium at pressures up to 100 GPa. Finally, as a proof-of-

concept experiment a neutron DAC was loaded with a mixture of hydrogen and

helium. For this the ORNL gas loader was used.

In brief, an open DAC was placed in the loading chamber of the gas loader; the

gasket material was rhenium (0.25 mm thick) and the initial diameter of the

gasket chamber was 0.8 mm (V=0.25 mm3) but collapsed drastically to about

0.4 mm after compression to 9.5 GPa. Here, another gasket material had to be

chosen since steel reacts with hydrogen and hence can not be used for this type

of experiment. Please note the very unfavourable absorption cross-section of Re

(σs=11.5 barns, σa=89.7 barns) relative to iron (σs=11.62 barns, σa=2.56 barns).

As a better material tungsten (σs=4.6 barns, σa=18.3 barns) or a BeCu alloy (Cu:

σs=8.03 barns, σa=3.78 barns; Be: σs=7.63 barns, σa=0.0076 barns) should be

used in the future.

Gaseous helium was compressed to 1.5 kbar. Then the gas bottle was changed

to a hydrogen H2 cylinder and hydrogen was compressed as well. The overall

pressure of the gas loading was 2.7 kbar, at which both H2 and He were in a

supercritical state. Assuming ideal behaviour of both fluids, this pressure ratio

results in an approximately 50:50 mixture of He an H2 in the loading chamber.

The DAC was closed with a torque of 100 ft.lbf and the excess gas released,

and then the DAC was quickly brought to a pressure of about 9.5 GPa. At this

pressure, helium is still a fluid while hydrogen crystallises as phase I.
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Figure 4.14 Microscope pictures of the gasket hole loaded with a H2 powder in
a He matrix. The powder was melted by heating the sample and
subsequently a single crystal was formed using a single crystallite
as a nucleus.

Compressing hydrogen this way results in a powder with crystallites too large for

conventional neutron powder diffraction. Furthermore, hydrogen and deuterium

crystallites forming within a diamond anvil cell have a well-defined orientation,

with the c-axis of the hcp lattice oriented paralell to the axis of the anvil [110].

In figure 4.14 (a) this powder is depicted. From this powder a single-crystal was

grown by repeatedly melting and re-crystalising in the same fashion as the ice

VI single crystal was formed; during this process the pressure dropped to about

8.45 GPa. The progress of the crystal growth is shown in figure 4.14.

The cell containing the sample was aligned on the SNAP instrument and a data

set for one orientation was collected for about 24 h. Altogether, two reflections

were recorded. The detector views (right detector bank only) are given in Figure

4.15 and the two reflections are highlighted by a red circle. Please note that

hydrogen phase I is a highly symmetric phase, and has a small unit cell with

only two molecules on the (1/3,2/3,1/4) and (2/3,1/3,3/4) sites. So far only very few

reflections have ever been reported - the (100), (010), (11̄0), (101), (110), (11̄0)

and (002) reflections [78].
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Figure 4.15 Detector views for the left modules in the d-spacing ranges 1.0-
1.4 Å (left) and 2.0-2.4 Å (right). The red circles indicate the
(100) and (103) peaks of hydrogen H2 and the detector area over
which the peak-integration was carried out.

Figure 4.16 The diffraction intensities around the reflections at 1.210 Å and
2.198 Å of hydrogen H2 after integrating in d-spacing the two circles
in Figure 4.15. In both cases a complicated background can be seen.
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The H2 crystal of about 0.3 mm in diameter is at this point the largest one

that has been grown in a DAC and still the smallest crystal measured on the

SNAP instrument. It is surprising that this data could be obtained for two

reasons. First, a hydrogenous sample rather than a deuterated one was used

here; for neutron diffraction usually hydrogen is avoided due to its high incoherent

background. And second, the gasket added a high contribution to the background

and produced many parasitic powder lines. For these reasons recording two

reflections is a huge success in itself especially since only one orientation was

measured.

The red circles in Figure 4.15 were integrated, resulting in the peak intensities

as shown in figure 4.16. The two reflections were used to construct a UB matrix

to the crystal; due to only two reflections available it was not possible to assign

errors to the resulting UB matrix.

From this it was possible to assign the first peak at 2.198 Å to the (100) reflection

and the peak at 1.210 Å to the (103) reflection. The UB matrix was suggests the

lattice parameters were a=2.541 Å and b=4.340 Å; the c/a ratio is thus 1.708.

Please note that these values differ from the lattice parameters at 8.45 GPa. At

this pressure the BM-EOS for hydrogen would suggest a = 2.539 and c = 4.138

and a c/a ratio of 1.630 [110]. This can be explained by the small sample of

peaks, the clipping of the (100) peak at the detector edge, and the broad peak

profile, in particular of the (103) reflection. Those problems should be overcome

by using a deuterium D2 sample.
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4.6 Conclusion and Outlook

Several neutron-scattering experiments were performed on the TOPAZ and

SNAP beamlines at the Spallation Neutron Source (SNS) at Oak Ridge National

Laboratory (ORNL). As samples, deuterated potassium dihydrogen-phosphate

(DKDP) and water ice VI were used. Results of the initial suite of experiments

on single-crystal neutron-diffraction in diamond anvil cells are summarised in

table 4.3.

In a first trial experiment it was shown that it is possible to obtain data of high

quality from a DAC-sized crystal. The results are in good agreement with the

crystal structure published by Tiballs et al. [244], indicating that it is feasible to

reduce the sample size to a volume smaller than that of a typical neutron-DAC

cavity. The experiment was repeated in the sample environment of a diamond

anvil cell. Despite the - not surprising - loss of data quality, it was possible to

obtain enough structure factors to refine the structure with the same accuracy as

in the case of the bare crystal, however, the errors on the structural parameters

increased significantly.

Table 4.3 Summary of the refinements for the DKDP crystal in a DAC-sample
environment for SNAP and TOPAZ, respectively. The collection
time per orientation is given as well as the number of reflections
after outlier removal. Only best refinements are shown - for detailed
information see tables 4.4 and 4.5 in appendix.

Crystal Small Large Small DAC DAC
Instrument TOPAZ SNAP SNAP TOPAZ SNAP
Orientations 10 6 6 10 6
Collection time / orientation 3 h 3 h 3 h 6-8 h 3 h
Reflections 1044 1027 279 167 56
Rw 0.045 0.067 0.090 0.087 0.336

In a second step, SNAP, an instrument primarily used for powder diffraction, was

bench-marked for quantitative analysis of single crystal data. It was possible to

show that single crystal diffraction on SNAP is feasible and that the data is of

similar quality to TOPAZ. Subsequently, patterns of a DAC-sized sample were

collected to test the volume limitations of SNAP. Altogether 279 structure factors

were obtained - enough to refine the structure to Rw=0.090.
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Finally, patterns of a single crystal in a diamond anvil cell were collected on

SNAP. Due to time restrictions, only 56 reflections from 6 orientations were

obtained (measured for 3 h each); a similar experiment carried out on TOPAZ

(10 orientations for 6-8 h each) in comparison resulted in about 300 structure

factors. Nevertheless it was possible to refine the structure from the obtained

data, however, the large errors on the atomic coordinates suggest that a similar

collection time as on TOPAZ is needed for precise results.

The data reduction procedure was then tested against a crystal of ice VI which

was grown in a DAC. Diffraction patterns of three orientations (measured for 12h

each) resulted in 84 observed structure factors - enough to carry out a refinement

that reproduced the published structure of ice VI, proving that HP-SCND on

SNAP is possible.

Based on this promising result, a proof-of-concept experiment was conducted; a

single crystal of hydrogen was grown in a diamond anvil cell at about 8 GPa. This

crystal was then measured on SNAP as well and - despite it being a hydrogenous

sample - it was possible to obtain two well defined peaks. A further analysis

of this crystal was not possible and all additional beamtime to investigate the

actual crystal structure of hydrogen and deuterium was cancelled due to the

global pandemic hitting the world in 2020. However, based on these preliminary

results more experiments will be scheduled as soon as possible.
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Table 4.4 Comparison of refinements of data of DKDP in a diamond anvil
cell. The data was integrated using the standard TOPAZ algorithm
(DACa), a refined UB for every orientation (DACUB), and a selected
subset of peaks (DACs) to exclude peaks on powder lines. While
the first integration was carried out using the IntegrateEllipsoid
algorithm, the last column (DACp) was treated as the DACs data but
it was integrated using the IntegratePeaksProfileFitting algorithm.
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Table 4.5 Sequentially deteriorating data quality with crystal size and the
complexity of the sample environment .
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Chapter 5

A Novel N2 sX Hydrate

Amongst the hydrate water networks, sX, first discovered as part of the C0

structure of hydrogen hydrate [151], stands out: it is chiral, has channels rather

than cages, is not based on a stable ice structure (like the filled ice II structure

[152]), and its network does not have an analogue in either silica or zeolite

structures [153, 154]. It does, however, exist in some ternary Zintl compounds and

has been suggested as a metastable group-14 structure [155–157]. The structure

proposed initially was based on channels that contained sites partially occupied

by non-hydrogen bonded water molecules [151].

Based on the observed high mobility of hydrogen in this structure [151] and

molecular-dynamics modelling, Smirnov et al. proposed what emerged to be the

correct structure: they suggested that the water molecules in the channels were in

fact nitrogen molecules that had been absorbed from the liquid storage medium

between recovery and the diffraction measurement [158]. Subsequently, del Rosso

et al. were able to empty C0 of hydrogen and to identify the structure as a new

form of ice, ice XVII [159, 160]. Finally, Amos et al. found that sX also exists

in the carbon dioxide:water system and determined the full structure of both

hydrogen and carbon dioxide hydrates in situ using neutron diffraction [154].

Due to the high guest-host ratio, the reversibility of the filling and emptying,

and the high mobility of hydrogen in the cavities, the sX/ice XVII system has

been proposed as a possible hydrogen storage material [257, 258]. Other possible

applications, however, have not been discussed. With its channel structure, and

high surface area, ice XVII resembles activated charcoal and could therefore
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be used as a low-temperature molecular sieve. Here, high-pressure neutron

diffraction data is shown that indicates that ice XVII can, indeed, absorb nitrogen

molecules. Furthermore it is shown that nitrogen sX undergoes a series of

transformations into other, exotic, hydrate types before forming the stable sII

structure.

5.1 Experimental Procedure and Methods

This experiment was conducted in a gas pressure cell made from aluminium (c.f.

section 3.1.1) at the PEARL beam-line, the dedicated high-pressure powder

instrument at the ISIS neutron source at the Rutherford Appleton Laboratory

(RAL, Oxfordshire, UK) [221]. This instrument has access to a d -spacing range

out to beyond 4 Å, which is necessary to record sX’s (101) Bragg reflection at

4.1 Å. This peak is very sensitive to the guest-site occupation. The analysis of the

diffraction patterns was carried out by either Rietveld or LeBail profile refinement

using the GSAS-II crystallographic software package [183].

Furthermore, a computational study is mentioned here; the respective calcula-

tions were performed by Lewis Conway and were essential in the data analysis

process. The enthalpy calculations based on density functional theory (DFT) were

performed using the Castep code [239] on sets of approximate sX structures

with a range of tractable guest-host ratios as well as fully filled nitrogen

hydrate III (NH-III). Exchange-correlation effects were described within the

generalised gradient approximation (GGA) using the Perdew-Burke-Ernzerhof

(PBE) functional [234] and ultra-soft pseudo-potentials as generated ‘on-the-fly’

by Castep with radii cut-offs of 1.1 Bohr for oxygen and nitrogen, and 0.6 Bohr

for hydrogen. Geometry optimisations were performed with plane wave cut-

offs of 1000 eV and a Monkhorst-Pack [259] k-point spacings of no more than

2π × 0.04 Å−1.

The calculations were performed on water networks with hydrogen arrangements

to give a zero net dipole moment per unit cell. To calculate stable compounds

enthalpy values were compared according to H = U + PV where U is the

internal energy per molecule and P and V are the pressure and molecular volume

respectively. Calculations on ices XI, IX, XV, VIII and the relevant phases of

α-, γ-, and ε-N2 were performed as well to compare the enthalpy values with the
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ones of the pure molecular phases [260]. The nitrogen hydrate compounds which

form the convex hull of the relative formation enthalpies (see equation 6.1), are

thermodynamically stable against decomposition.

∆H(x) = H((H2O)x(N2)(1−x))− xH(H2O)− (1− x)H(N2) (5.1)

An initial leak test was performed and showed no significant pressure drop with

time in the setup. Deuterated water (D2O, Sigma, 99.9% D) was frozen to produce

ice Ih and ground under liquid nitrogen to a fine powder. The powder then was

filled into a cooled hydrogen-compatible gas cell at 77 K and pressurised with

hydrogen gas to 0.300 GPa. To control the temperature in the cell during the

experiment, an ILL patented ’Orange’ helium cryostat was used. Upon heating

to 195 K at 0.300 GPa, the H2-Ih mixture undergoes transitions first to the C−1

hydrate at 160 K and than to C0 (H2-sX) above 180 K. The respective diffraction

patterns for the two transitions are shown in figure 5.1 and will not be discussed

here; for more information see Donnelly (2016) [41] and Donnelly et al. (2018)

[261].

After the full transformation to C0, the sample was cooled to 80 K and the

pressure was released. It is well known that ice XVII can be easily formed by

pumping off the hydrogen in sX [159], however, the same can be achieved by

heating the hydrogen hydrate at ambient pressure to 130 K [41]. As the hydrogen

left the structure, the volume of the unit cell started to decrease, indicating the

emptying of the channels in sX. To ensure that the starting material for the

experiment is pure ice XVII, diffraction patterns were collected every hour. The

transformation was considered complete after about 12 h, at which point the

volume of the unit cell did not shrink any further with time (see left panels

in Figure 5.2). Furthermore, the Rietveld refinements carried out on the last

diffraction pattern suggest completely empty channels.
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Figure 5.1 Powder diffraction patterns of the subsequent formation of C−1 and
C0 from a mixture of deuterated ice Ih and hydrogen H2 upon heating
to 195 K.
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5.2 Results and Discussion

The emptied C0 hydrate (ice XVII) was then pressurised with nitrogen to 180

bar (0.0180 GPa; the pressure of a full gas bottle) at 130 K. Upon that, an

uptake of gas was observed. Firstly, the pressure in the cell dropped with time

and additional gas had to be added to the system regularly (every half hour) to

maintain the pressure of 180 bar. And secondly, upon analysing the diffraction

patterns an expansion of the unit cell volume was observed (see right panel in

figure 5.2). This volume increase was most pronounced along the c-axis of sX

(the axis that contracts most on removal of hydrogen) as can be seen in the c/a

ratio in the plot ibid.

5.2.1 Structure of Nitrogen sX Hydrate (NH-V)

After about 7 hours no changes in pressure and lattice parameters were observed,

indicating that the structure was saturated with nitrogen. Data were then

accumulated for about 5 h for full structural analysis. The results of a Rietveld

profile refinement are shown in figure 5.3, together with the refined crystal

structure. It was possible to fit the known pattern of the sX structure to our

data [154]. The space group is P6122 or P6522, but lower symmetry space groups

were initially tested as well.

While most other reported sX hydrates (H2, CO2, Ne, Ar) crystallise in P6122

or P6522, an Italian group around Catti et al. found that oxygen, a diatomic

molecule of similar size to nitrogen, forms a P61 structure [262]. Attempts with

lower symmetry space groups, however, led to unstable refinements and were

hence discarded.

From the refinement the lattice parameters a = 6.240(3) Å and c = 6.065(2) Å were

obtained; the respective Rietveld fit to the data is shown in figure 5.3. According

to the established numbering methodology, the name nitrogen hydrate V (NH-V)

for this new sX-type hydrate is proposed. To model the disorder in the H-bonded

water lattice, a 2-site model was used; two deuterium atoms with an occupancy

of 0.5 were placed along the O-O axis, one representing the covalent O-D bond,

the other the D· · ·O hydrogen bond.
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Figure 5.2 Top: Diffraction patterns of the emptying (removal of H2, left) and
subsequent filling of the water network with N2 (right).
Bottom left: The c/a ratio and overall unit cell volume of hydrogen
sX as a function of temperature; the values at 130 K were recorded
over a period of about 7 hours. The decrease of the overall volume
indicates the removal of hydrogen from the channels. Bottom right:
The c/a ratio and overall unit cell volume of hydrogen sX as a
function of time. The increase in volume (primarily along the c-
axis) indicates the uptake and incorporation of nitrogen into the
chiral channels. In both plots the uncertainties are smaller than
the symbols and hence error bars have been omitted.
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Figure 5.3 The results of a Rietveld profile refinement of data collected at 0.018
GPa and 130 K using the nitrogen sX structure. Gray circles are
measured data points, the red curve gives the calculated pattern,
and blue line the difference between observed and calculated profiles.
The excluded sections correspond to regions affected by the Bragg
reflections of the aluminium pressure cell.

As shown by del Rosso et al., guest molecules in the sX structure are highly

mobile and are not locked into one position [257, 258]. This results in a rather

continuous nitrogen density along the helical channels. In order to model this

continuous nitrogen occupancy in the channels, two nitrogen atoms were placed

on two 12-fold sites. The difference in the nitrogen occupancy of these two atoms

(0.22(4) and 0.16(2), respectively is most likely a result of statistically preferred

positions inside the channel. As both nitrogen atoms sit on equivalent 12c sites,

the overall occupancy of nitrogen is 0.19(3) and hence a guest:host ratio of 1:2.6(3)

was calculated.

For this model an overall Rw of 0.01386 was achieved and the resulting structural

parameters for NH-V are summarised in table 5.2. While the overall fit seems to

be reasonable, this refinement resulted in a very short N≡N distance of 0.62(10) Å.

In comparison, the tetragonal γ phase (stability region 0.3-3.0 GPa) of pure

nitrogen has a N≡N bondlength of about 1.10 Å [263].
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Table 5.1 Unit cell lattice parameters (a and c), oxygen and nitrogen fractional
coordinates (x, y, z), occupancies, and multiplicities and Wyckoff
positions of the sites for NH-V from neutron diffraction (values
obtained at 0.018 GPa and 130 K). The space group of NH-V is
either P6122 or P6522 with lattice parameters of a = 6.240(3) Å,
and c = 6.065(2) Å.

Atom x y z Uiso Occ.
O (6b) 0.764(5) 0.5270(18) 0.250(9) 0.022(15) 1.00(0)
D (6b) 0.377(10) 0.071(6) 0.532(4) 0.024(8) 0.50(0)
D (6b) 0.563(8) 0.335(6) 0.458(3) 0.022(9) 0.50(0)
N (12c) 0.957(10) 0.142(14) 0.652(13) 0.05(7) 0.22(4)
N (12c) 0.213(8) 0.065(12) 0.883(12) 0.04(6) 0.16(2)

A second attempt to refine the structure was made, in which the occupancy of

the two nitrogen sites was forced to be equal. This refinement gave an overall Rw

of 0.02075, so a slightly worse fit than the first refinement. The occupancy of the

nitrogen sites here was refined to be 0.319(16); this is equivalent to a guest:host

ratio of 1:1.56(7). This value is far from the calculated ideal filling ratio for NH-V

(see below), however this refinement gave more plausible N-N distances of 0.90(5).

Table 5.2 Unit cell lattice parameters (a and c), oxygen and nitrogen fractional
coordinates (x, y, z), occupancies, multiplicities, and Wyckoff
positions of the sites for NH-V from neutron diffraction (values
obtained at 0.018 GPa and 130 K). The space group of NH-V is
either P6122 or P6522 with lattice parameters of a = 6.240(3) Å,
and c = 6.065(2) Å.

Atom x y z Uiso Occ.
O (6b) 0.763(5) 0.5270(18) 0.250(9) 0.022(15) 1.00(0)
D (6b) 0.377(10) 0.071(6) 0.532(4) 0.024(8) 0.50(0)
D (6b) 0.563(8) 0.334(6) 0.458(3) 0.022(9) 0.50(0)
N (12c) 0.957(10) 0.130(4) 0.695(8) 0.013(16) 0.319(16)
N (12c) 0.2262(27) 0.0574(24) 0.9012(27) 0.029(4) -

Please note that neither the lattice parameters nor the position of the water

molecules were affected by restraining the occupancy of the nitrogen atoms. This

likely indicates that the nitrogen molecules are indeed very mobile and that the

data set alone does not suffice to determine the exact position and occupancy of

a rather continuous distribution of guests in the channel.
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Figure 5.4 Refined P6122 structure of NH-V (sX-hydrate) from the neutron
diffraction data with oxygen atoms (red), deuterium atoms (white),
and nitrogen atoms (blue). Fractionally occupied sites are displayed
by partially coloured atoms. The structure is projected along the c-
axis (top) and normal to it (bottom). The spiral-arranged sequences
of hydrogen bonds are indicated by blue lines in the bottom picture.

107



For both refinements the occupancies of 0.19(3) and 0.319(16) correspond, on

average, to 2.28 and 3.828 molecules per unit-cell. Thus, from this model it

can be assumed that in each cell at least two molecules are present. The guest

molecules are located on one of the 12 nitrogen sites that are arranged in a spiral-

like configuration inside the [001] channels of the water framework. However, from

the structure of the γ-phase of solid nitrogen it can be assumed that the shortest

N–N intermolecular contact should not be less than 3.46 Å. Therefore, if the first

site is occupied by a nitrogen, the next-nearest occupied site should be 6 to 8

sites down along the channel (intermolecular distance of 3.29(6) Å and 3.80(5),

respectively). This makes the first occupancy of 0.19(3) more plausible - despite

the unrealistic nitrogen bondlength of 0.62(10) Å.

Table 5.3 Interatomic distances in NH-V at 0.018 GPa and 130 K as obtained
from neutron powder diffraction data.

Distance / Å Distance / Å
O-O 2.749(10) N1-O 2.12(6)
O-O’ 2.715(12) N2-O 2.37(5)

N1-D1 1.58(7) N2-D1 2.11(5)
N1-D2 2.27(6) N2-D2 2.16(5)

O-D1 0.95(5) N1-N2 0.90(5)
O-D1’ 1.80(5) N1-N1’ 1.40(3)
O-D2 0.96(6) N1-N2’ 1.68(4)
O-D2’ 1.76(5)

The structure obtained from the second refinement is shown in figure 5.4. As

mentioned in the introduction, NH-V (at 180 bar and 130 K) has a helical water

network (indicated by the blue lines) with the covalent O-D bonds having a

length of 0.95(5) and 0.96(6) Å, respectively; the hydrogen bonds are 1.80(5)

and 1.76(5) Å, respectively. These are typical values for clathrate hydrates (c.f.

Sloan (2008) [77]). On looking at the list of N–D distances between the nitrogen

molecules and deuterium atoms (see Table 5.3), the N1-D1 contact appears to

be shorter than 1.8 Å. This clearly suggests a weak attractive interaction from

the nitrogen molecules. The particularly short interatomic distance of 1.58(7)

indicates a hydrogen bonding between guests and host-lattice here.
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In addition to this experimental work, DFT simulations were carried out [1].

The reason for this study was of a twofold nature; first, to further support the

presented structure which is based on a meagre diffraction pattern and second, to

obtain the ideal filling ratio of nitrogen sX. The calculated relative atom positions

are summarised in table 5.4 and are in good accordance with the parameters found

experimentally. This further supports the structure presented here but also sheds

light on the error on the nitrogen positions inside the channel and the respective

filling ratios.

Table 5.4 Fractional coordinates (x, y, z) and Wyckoff positions of the sites
for NH-V from from a GO calculation with lattice parameters of a =
6.263 Å, c = 6.065 Å. The filling ratio is 1:2 for a pressure of 4 GPa
(the minimum pressure of convex hull plot, see figure 5.5).

Atom x y z
O (6b) 0.7641 0.5282 0.2500
D (6b) 0.3782 0.0692 0.5248
D (6b) 0.5723 0.3361 0.4507
N (12c) 0.8236 0.1003 0.4860
N (12c) 0.1762 0.8997 0.9860

The relative enthalpies of formation, ∆H(x), for a series of NH-V approximants

with guest-host ratio 1 : n (n = 2, 3, 4, 6; x ≈ 0.67, 0.75, 0.80, 0.86) are shown in

figure 5.5 (a) as a function of pressure. To estimate the stability of intermediate

guest-host ratios, a quadratic function is fitted to the formation enthalpies of

the four NH-V approximants. The curve segment of the quadratic which forms

the convex hull of equation 6.1 corresponds to the most favourable guest-host

ratios. For NH-V, guest-host ratios of between 1:2.8 and 1:3 are most stable

across the entire pressure range. This can be seen in figure 5.5 (b) which

shows the composition-pressure phase diagram of nitrogen hydrates. There is

a spread of metastable NH-V structures with similar filling ratios indicated by

the dotted region. In comparison, similar calculations on H2-sX (C0) and CO2-

sX suggest a guest:host ratios of 1:2 and 1:4 respectively, roughly in agreement

with experimental findings [154].

Along a fixed stoichiometry of 1:3 N2:H2O, the calculations predict a transition

from NH-III to NH-V at around 2.5 GPa. (NH-III is a tetragonal hydrate,

sT, in the space group P42/mnm and the lattice parameters a = 6.342 Å and

c = 10.610 Å[38].) The latter structure is stabilised by having a smaller molecular

volume due to efficient packing of the nitrogen molecules.
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Figure 5.5 (a) Relative enthalpies of NH-V with a range of filling ratios against
decomposition into pure ice and N2 calculated from equation 6.1.
For comparison, the metastability of pure ice XVII is indicated, as
well as the formation enthalpy of NH-III hydrate. (b) Composition-
pressure phase diagram of nitrogen hydrates. Solid lines correspond
to stable points on the convex hull and dotted lines correspond to
metastable points within 5 meV of the hull. For comparison, the
experimental phase evolution of ice is shown along the top.

The semi-local exchange-correlation functional used for these calculations does

not fully account for longer range dispersion interactions which may be present.

As a result, the pressure estimations are higher than seen in experiment, an effect

well known for ice [236]. To illustrate this, the experimental low temperature

phase evolution of ice in the same pressure range is shown in figure 5.5. However,

PBE usually provides at least qualitative agreement with experiment (sometimes

much better than that [264]) and taken together with the experimental results

provides good evidence for the existence of NH-V.

5.2.2 Decomposition of NH-V

In the experiment, the nitrogen pressure was then increased to 0.300 GPa at

130 K. This led to changes in the diffraction pattern - the intensity of the peak at

4.12 Å decreased, while a new peak at about 3.64 Å slowly emerged, indicating

a structural change in the sample (see figure 5.2; the new peak is indicated by

a red arrow). To speed this process up, the temperature was increased - first
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in 10 K steps to 160 K under a static pressure of 0.300 GPa, then in larger

temperature steps. At every temperature, diffraction patterns were collected for

about one hour each. A pressure drop in the sample chamber upon every increase

in temperature was observed, indicating additional gas uptake. In figure 5.6 the

respective diffraction patterns upon heating are depicted, with the first, blue

curve being the pattern recorded at 0.018 GPa and 130 K. The newly emerging

peak at 3.64 Å is close to a d-spacing that would suggest a doubling of the sX

unit cell (it would be the (211) peak). Upon closer investigation, however, this

theory was proven wrong, and it was possible to identify this peak to belong to the

hexagonal clathrate structure sH, a high-pressure phase hitherto only observed

above 0.85 GPa [57, 70]. This structure comprises two different small cages and

one large cage, which runs the length of the unit cell along the c-axis. The sH

structure is found in many simple gas hydrates (for example, Ar, Kr, Xe, methane,

and N2) but generally in the pressure range ∼ 1-2 GPa [42, 57, 162]. Here, the

sH structure has the lattice constants a = 11.82(4) Å, and c = 9.82(4) Å.

Upon further heating above 160 K (turquoise curve in figure 5.6) the intensity of

sH’s peaks stayed constant, whilst the peaks from NH-V (and from the residual

ice XVII) decreased. Simultaneously, new peaks belonging to the sII clathrate

hydrate structure appeared in the diffraction pattern. Note that only the NH-

V peaks disappeared, the peaks assigned to sH remained. This suggests that

sII does not form directly from sH but rather that it is formed from NH-V.

Analogous observations in the H2-H2O system support this hypothesis. Donelly

et al. found that hydrogen sX (C0) transforms into sII upon heating at 0.300 GPa

[41, 261]. Furthermore, it would not be surprising that residual ice XVII, a

metastable structure, transformed in the presence of a suitable guest into sII as

well. The transformation NH-V −→ sII therefore gives a second possible route

for the decomposition.

Table 5.5 Space group and unit cell lattice parameters (a, c) for the N2 variants
of sX, sH, sIII, and sII at 0.300 GPa

Hydrate Space group a / Å c / Å
NH-V sX P6122 6.240(3) 6.065(2)
NH-II sH P6/mmm 11.82(4) 9.82(4)
NH-I sII Fd3̄m 17.152(4) 17.152(4)
NH-VI sIII P42/mnm 22.914(9) 12.003(7)
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Figure 5.6 Neutron diffraction patterns recorded while heating the sample at
0.300 GPa. The first curve (blue) gives the pattern of nitrogen sX.
The main components of the respective patterns are from bottom to
top: sX, sX+sH, sH+sII, sII+sIII, sII+sIII, sII+sIII, sII+sIII, and
sII. Gray circles are measured data points, the solid curves give the
respective Rietveld fit to the data.
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Upon further heating, the N2-H2O mixture undergoes another remarkable

transition - the sH peaks start to disappear and another (metastable) phase is

formed. This phase could be fitted with the known pattern of a clathrate of

the structure III type (sIII). For this purpose, a Rietveld refinement was carried

out to match not only the peak positions but also the respective intensities,

however, due to the large unit cell and the meager data quality the atom positions

had to be fixed. Hitherto this clathrate type has only been known in bromine-

water mixtures.[265] Type III clathrate hydrate has a tetragonal structure with

space group P42/mnm and a cell volume of 6300 Å3, the largest known unit

cell for a clathrate. The cell consists of 172 water molecules which form sixteen

14-hedral cavities (51262), four 15-hedral cavities (51263), and ten dodecahedral

cavities (512). The lattice parameters obtained from our measurements were

a = 22.914(9) Å, and c = 12.003(7) Å. Almost 200 years after the first description

of bromine hydrate here is shown that the sIII structure can serve as host to a

second molecular guest species [266, 267]. It should be noted that the data quality

for this refinement was not particularly good due to a short collection time and

hence this clathrate might have been misidentified; however the emergence of 10

new peaks in 2.5-4.0 Å window does support the theory of a large unit cell. The

peaks could not be fitted with any other nitrogen, water, or nitrogen hydrate

structure, and thus the assignment of those peaks to the type III clathrate seems

most plausible until further studies are carried out.

For this nitrogen hydrate the name nitrogen hydrate VI (NH-VI) is proposed.

Finally, as it warms close to room temperature NH-VI forms the stable clathrate

hydrate of type sII. This transition sequence is an excellent example of Ostwald’s

rule of stages, an empirical law stating that a meta-stable phase will transform

to the stable phase, by passing through metastable phases in order of their Gibbs

free energy. All nitrogen hydrates observed in this study are summarised in table

5.5.

5.3 Conclusions

In this chapter is shown that nitrogen-water mixtures can form the chiral clathrate

hydrate structure, sX. This new nitrogen hydrate (NH-V) is obtained by

refilling ice XVII at 130 K. Neutron diffraction data suggests that nitrogen

NH-V is hexagonal with space group P6122 or P6522 and lattice parameters

a = 6.240(3) Å and b = 6.065(2) Å. Experimentally a guest:host ratio of 1:2.6(3)

per molecule was found, close to DFT calculations that find NH-V stable with
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a filling ratio of 1:3 for a fixed stochiometry and 1:2.8 for the minimum of the

convex hull fit. The values for the filling ratios obtained from the DFT simulation

are well within the error bars of the experimental ones - theory and experiment

are therefore in good agreement.

NH-V −→ NH-II −→ NH-VI −→ NH-I

At 0.300 GPa nitrogen NH-V transforms into the hexagonal NH-II, however, the

transition only occurs very slowly. NH-II (sH) then, upon heating, undergoes

transitions into NH-VI (sIII) and finally into NH-I (sII) clathrate hydrates. This

is somewhat surprising. The sIII structure is an oddity in that it has so far only

been observed in the bromine-water system. To find it in a simple gas system like

nitrogen-water is unexpected. Similarly sH is generally found at pressures above

∼1 GPa and the ability to form it as part of a cascade of metastable structures

at the much lower pressure of 0.300 GPa may be useful technologically. A phase

diagram for the nitrogen hydrates with the respective crystal structures is given

in figure 5.7.

Figure 5.7 Phase diagram of nitrogen hydrates; the solid line gives the
dissociation curve of the respective nitrogen hydrates and the dotted
line show the first appearance of the respective phases. Data taken
from [1, 38]
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In addition,another possible route for the decomposition of NH-V is reported -

heating it at an elevated pressure leads to a direct formation of the stable nitrogen

hydrate I (sII).

NH-V −→ NH-I

Hereby it is demonstrated that ice XVII is a microporous material that can be

loaded with different gases. The unique channel layout of the sX network gives

it a large amount of flexibility: the guest gases it can absorb span an unusually

large size range (from H2 via N2 to CO2), with the gas uptake ratio adjusting

accordingly (from 1:2 to 1:4) to avoid steric repulsion of the guest molecules. At

the same time, guest species exhibit high mobility along the channels, which

makes determinations of the guest content from diffraction difficult. So far,

DFT calculations have proved very useful in constraining the guest-host ratio.

If necessary, more nuanced descriptions of the electronic structure, e.g. through

local-MP2 calculations, could be applied [264].

The universality of the sX host network raises the interesting possibility that if ice

XVII can be loaded with oxygen (a molecule of similar size to nitrogen but with

a triplet ground state), a magnetic sX-based hydrate might be produced. While

this seems not very likely due to the large O2-O2 distances and the hexagonal

unit cell an ordering along the channels would be possible. An initial attempt

to calculate a respective structure with DFT failed; difficulties with the spin

polarisation resulted in inconsistent calculations.
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Chapter 6

Ammonia Mono Hydrate IV:

An Attempted Structure Solution

In chapter 1, it was outlined that the water-ammonia system is of interest since

it represents a natural laboratory in which to observe the behavior of materials

that contain a mixture of homonuclear and heteronuclear hydrogen bonds.

Compared to the previously discussed water-nitrogen system (and other clathrate

hydrates), hydrophilic/hydrophobic interactions between the two species play a

negligible role. The end-member phases (water ice and solid ammonia), and the

stoichiometric hydrates ammonia hemihydrate (NH3 · 1/2H2O, AHH), ammonia

monohydrate (NH3·H2O, AMH), and ammonia dihydrate (NH3·2H2O, ADH) (see

Loveday et Nelmes 2004 [57]) are therefore model systems for understanding far

more complex hydrogen-bonded molecules [44].

Beside this mainly academic reason, the water-ammonia system is also of

considerable interest to planetary scientists; most astronomical observations and

cosmological models indicate that both ammonia (15 %) and water (45 %) are

abundant in the outer solar system [268, 269]. Large proportions of the mantle

regions Uranus and Neptune (the ”ice giants”) are likely composed of those two

molecules [270]. Furthermore, their abundance on icy moons in our solar system

has been confirmed [43, 271] and NH3-H2O is presumed to feature prominently

in the large number of trans-Neptunian objects and Neptune-like exoplanets

[272, 273].

In this astrophysical context, ammonia is considered the most plausible planetary
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“antifreeze” agent, despite many open questions. For example, the ammonia

yield from various condensation models (and hence the effective composition of

planets and satellites) [274], as well as the fate of ammonia once accreted into

Titan [43] are still disputed. For conditions in the crust of the outer planets

and in moons (up to 5 GPa and 100-300 K), the physical properties of H2O-

NH3 remain an inconclusively discussed question. The pressure melting curve

and the polymorphism of the stoichiometric ammonia hydrates have implications

for the internal structure of large icy satellites, leading to phase layering and

the possible persistence of deep subsurface oceans [275–279]. Aqueous ammonia

is also a candidate substance involved in cryomagmatism on Titan; the melting

behavior and densities of liquids and solids in the ammonia-water system must

be known to properly model the partial melting and vertical propagation of cryo-

magma through a planetary crust [280, 281].

At atmospheric pressure ammonia monohydrate crystallizes in an orthorhombic

phase below the congruent melting point at 194.15 K [282]. The structure of

this low-pressure phase, AMH I was solved in space-group P212121 (Z=4) using

single-crystal X-ray diffraction data at 113 K [283], and subsequently refined

from neutron powder diffraction measurements of the deuterated isotopologue at

110 K [57].

The first visual and Raman scattering observations made using diamond anvil

cells indicated that AMH possessed no high pressure polymorphs[284]. However,

dilatometric studies showed that this assumption was false and the existence of a

high-pressure phase, stable above 340 MPa at 195 K, was established [285]. For

the full phase diagram of ammonia monohydrate see Figure 6.1.

The first of the high pressure phases, AMH-II, was shortly afterward characterised

by neutron powder diffraction; a pattern of AMH-II, collected at 508.9 MPa, was

reported from studies using a gas pressure cell on the Polaris diffractometer

at Isis. The experimental report states that the diffraction pattern was indexed

with an orthorhombic unit cell with a volume of approx. 750 Å3. The first of

the high pressure phases, AMH-II, was characterised by Nelmes et Loveday by

means of neutron powder diffraction and the pattern of AMH-II, collected at

508.9 MPa, was incorrectly indexed with an orthorhombic unit cell [286]. Finally,

the structure was solved in 2009 for a diffraction pattern collected at 443 MPa

and 174 K (a= 18.8680(2) Å, b = 6.9477(1) Å, and c = 6.8589(1) Å) [44].
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Figure 6.1 The AMH phases diagram. For the known crystal structures the
respective unit cells are shown. Please note that broken lines do not
denominate phase boundaries but rather a line at which the respective
other phase first appears. The grey lines in the background give the
phase diagram of water as a reference. The melting curves and phase
boundaries are taken from [13, 42, 43, 45–47, 56]

Of the remaining three high-pressure phases only the structure of the disordered

molecular alloy phase (DMA, formerly AMH-VI) is known. It has been

extensively studied [45] and crystallises in the cubic structure (Im3̄m) with

the lattice parameter a = 3.273 Å. In DMA, the two possible crystallographic

sites (0,0,0) and (1/2,1/2,1/2) can be occupied equally by either an ammonia or a

water molecule. Together with AMH-III (still unsolved) this structure counts to

the ”high-temperature” phases of ammonia monohydrate, as they can only be

observed at >200 K and >270 K, respectively.

Both AMH-III and VI play a minor role in this study; in this body of work, mainly

the structure of ammonia monohydrate IV is investigated. With results based on

a neutron diffraction study carried out at the ISIS neutron source, paired with

density functional theory (DFT) calculations, a possible structure solution for

this - so far, unsolved - polymorph is proposed.
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6.1 Material and Methods

The experiment was carried out on a sample of nominal composition ND3·D2O

(AMH) prepared by condensing ND3 gas (Aldrich Chemicals Co., 99 atom% D)

into a Swagelock steel cylinder which was cooled to 77 K in a bath of liquid

nitrogen (LN2). The cylinder was then weighed and the contents diluted to the

appropriate stoichiometry with D2O (Aldrich Chemicals Co., 99 atom % D). The

resulting mixture was then warmed in a bath of isopropanol and liquid nitrogen

at 184 K to stabilise a ND3·D2O liquid. To crystalise the AMH, the liquid was

once again cooled in a bath of LN2 and the so-obtained sample was stored at

these conditions; the ideal AMH stoichiometry is 48.598 wt.% ND3.

The sample was transported to ISIS (RAL, Oxfordshire, UK) where it was cryo-

loaded into a PE-press at PEARL. To that purpose the sample was ground to

a fine powder under liquid nitrogen and loaded into a pre-cooled gasket. The

gasket was sitting on an anvil which was emerged in LN2. After loading, the

gasket-anvil assembly was then put into the PE-press and an initial sealing load

of 5 t was applied. The sample preparation and the PE-experiment were carried

out by Dr John Loveday, Dr Victor Robinson, and Dr Ciprian Pruteanu, but is

qualitatively the same as the procedure outlined in chapter 7.

Furthermore, a computational study is mentioned here; calculations of the

enthalpies of structural candidates obtained from Rietveld refinements were

performed, using density functional theory (DFT) as implemented in the

Castep code [239]. Exchange-correlation effects were described within the

generalised gradient approximation (GGA) using the Perdew-Burke-Ernzerhof

(PBE) functional [234] and ultra-soft pseudo-potentials or norm-conserving

potentials as generated ‘on-the-fly’ by Castep with cut-off radii of 1.1 Bohr

for oxygen and nitrogen, and 0.6 Bohr for hydrogen. Geometry optimisations

were performed with plane wave cut-offs of 1000 eV and Monkhorst-Pack [259]

k-point spacings of no more than 2π× 0.04 Å−1, until residual forces and stresses

were below 0.05 meV/Åand 0.1 GPa, respectively.
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6.2 Results and Discussion

After applying a sealing load of 5 t, the sample in the PE-cell was lowered into

the diffractometer. A cryostat was then used to increase the temperature of

cell and sample - from the loading temperature of 77 K - to 170 K. At this

temperature the load was increased incrementally to 40 t (5 t steps). During the

pressure increase the sample first transformed into AMH-II and then ultimately

into AMH-IV (see phase diagram 1.11 in chapter 1). No pressure marker was

used for this experiment to avoid parasitic lead peaks, and therefore the exact

pressure is unknown. However, from previous pressure-load curves and the phase

diagram of AMH it can be deduced that the sample pressure lies between 3 and

5 GPa. Once the load of 40 t was reached, a powder pattern was recorded.

6.2.1 Density of Ammonia Hydrate

From the initial composition of the water-ammonia mixture and the absence of

other known phases of ice, water and ammonia-water mixtures, it is evident that

AMH-IV indeed is a 1:1 mixture. This is mentioned because in a previous study

the composition of ammonia-water phases was wrongly identified (c.f. the DMA

phase in AMH and ADH) [45].

The average volume per molecule for ADH, AMH, and AHH at ambient pressure

are, respectively, 30.170(6) Å3, 30.604(2) Å3, and 30.583(2) Å3 [58]. These

values are remarkably similar and show no obvious trend between volume per

molecule and composition. This trend is also visible in the similarity of the

equations-of-state (BM-EoS) of the high pressure phases of both the AMH and

ADH [43, 44, 47, 57, 58]. It thus seems reasonable to assume that AMH-IV

also shows no significant composition dependence in its equations of state; in

the pressure range from 3-5 GPa it should have a density of 1.4-1.8 g/cm3. The

content of a unit cell can be estimated from these densities.

Altogether the data collection resulted in 15 well defined, although broad, peaks

and several heavily overlapping ones (see diffraction data below). The relatively

small number of peaks imposes an upper limit on the size of unit cells that can

be meaningfully tested. In this case, refinements unit cells larger than 400 Å3

proved to be very unstable unless a high-symmetry space group was used.
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Figure 6.2 Densities of AMH and ADH as a function of pressure. The solid
lines are fits to a BM-EoS at about 180 K and the broken lines are
their extrapolation; the solid blue and red square gives the density of
AHH-II and the DMA at about 3.6 GPa and 6.3 GPa, respectively.
Data taken from [43, 44, 47, 57, 58]

6.2.2 Initial Indexing

Peaks in the diffraction data were identified by fitting them with pseudo-Voigt

functions and then the GSAS-II indexing routine was run. In general the indexing

of cubic, hexagonal, and trigonal crystal systems resulted in unit cells too large (>

1000 Å3) for the data set and hence were mostly discarded. This indexing resulted

in 108 possible cells, not including a triclinic lattice. A list of the remaining 108

possible cells is given in an appendix to this chapter in Table 6.4 ranked according

to their figure of merit (FoM).
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Figure 6.3 Le-Bail fits (red) to the data of AMH-IV (grey) for cells that showed
a high FoM in GSAS-II. Please note that the P4, P6 and the Pmmm
cells here show relatively low Rw values even though the fits show a
missmatch with the data for at least one experimentally observed
peak.

A Le-Bail (LB) refinement (see chapter 2) was carried out in the respective lowest

symmetry space group for this crystal system to account for all possible peaks

in the powder pattern. Altogether, 60 cells showed promising Le-Bail fits and

were used for the next step of the data analysis. The respective Rw values for

the LB fits are shown in the appendix as well. Please note that most of the 60

cells have several possible space groups with higher symmetries that also fit the

pattern equally well.

Several LB-refinements with small Rw values still showed a missmatch in one or

more of the peaks between data and fitted model; hence a sole evaluation of the

cells based on Rw is not sensible. As an example, a small subset of the Le-Bail

fits for a monoclinic, (P2), tetragonal (P4), hexagonal (P6), and orthorhombic

(Pmmm) case are shown in figure 6.3. Only the monoclinic cell has no missmatch

between fit and experimentally observed reflections.
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6.2.3 Structure Search Using Monte Carlo Simulated

Annealing

The technique of choice to obtain structural models was Monte Carlo Simulated

Annealing (MCSA; see section 2.3.2). As outlined, MCSA uses atoms, molecules,

or molecule fragments and varies their position in the unit cell. This is done

by a random-walk approach [192]. For the resulting structure model the peak-

intensities are calculated and compared with the intensities from the Le-Bail fit.

This procedure is repeated until a convergence criterion is met. As such, MCSA

has the advantage that the molecules placed in the unit cell can be chosen in a

way that the required density is 1.4-1.8 g/cm3.

Here, the starting structures for the MCSA consisted of water D2O and ammonia

ND3. Both molecules were restrained and the position and orientation in the unit

cell of these rigid bodies was varied (see table 6.1).

Table 6.1 Parameters for the MCSA procedure. The first lines show the
molecular geometry of the rigid bodies used; for small unit cells 512
individual runs were performed; for larger cells only 256 to reduce the
computing time.

D2O O-D 0.97 Å D-O-D 109.47o

ND3 N-D 1.02 Å D-N-D 109.47o

Runs 256 or 512
Start T 3.0
Final T 0.1
Trial per T 1500

The MCSA was considered successful if several runs converged to the same

structural model. The obtained structure was then used for individual Rietveld

refinements. For the initial refinement the atoms were fixed in the molecular

geometry as a rigid body. After refining their positions and isotropic displacement

parameters, the restrictions were lifted and a full refinement was carried out.

Finally, this procedure was repeated for all possible space groups of higher

symmetry of the respective unit cell.
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6.2.4 Structure Candidates based on Rietveld Refinements

In most cases a reasonable structure was obtained from the MCSA runs. However,

the MCSA-solutions often were not stable against Rietveld refinements. That is,

an attempt to refine the structures resulted in physically implausible structures.

Only a few Rietveld refinements resulted in feasible structural models and are

summarised in table 6.2.

Table 6.2 Lattice parameters and space groups of structures obtained from
MCSA which showed a reasonable Rietveld fit to the experimental
data.

Space group a / Å b / Å c / Å α β γ Rw (RR)
P2/n 7.41 4.89 5.07 90.0 124.2 90.0 0.02328
P21 7.48 9.73 5.06 90.0 124.5 90.0 0.02463
P2 5.62 5.86 5.0 90.0 91.9 90.0 0.02488
P21/c 4.28 4.51 18.01 90.0 92.6 90.0 0.02249
Pc 5.47 9.51 5.95 90.0 99.2 90.0 0.01663
P21/c 5.47 19.03 5.96 90.0 99.0 90.0 0.02249

P2/n and P21

Initially the monoclinic cell with the dimensions a = 7.41,b = 4.89, c = 5.07, and

β = 124.2 was tested and showed promising results for the space groups P2, P21,

P2/n, P21/n, Pn, P2/m, and P21/m. Other space groups can be excluded due

to systematic absences. For Z=4, a density of 1.75 g/cm3 was calculated. Of the

7 space groups only one gave a reasonable structural solution. This structure,

in the P2/n space group, is depicted in Figure 6.4; the resulting Rietveld fit is

shown in Figure 6.5.

This structure appears to be layered along the b-axis; water molecules are only

found in the ac-plane at y=0, whereas ammonia molecules are found in the plane

at y=1/2. The repetitive layers of ammonia and water molecules are a motive

found in nearly all other structure candidates as well; also the known AMH-II

phase (space group Pbca; see below) shows such a structure and hence it would

not be surprising to see yet another high-pressure phase of ammonia and water

in a similar arrangement.
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Figure 6.4 Structure candidate from MCSA in the space group P2/n. Ammonia
and water form stacked layers along the b axis.

Figure 6.5 Best fit for P2/n. Grey gives the data, red the respective fit, and blue
the difference. The positions of sample and anvil peaks are shown
in red and blue, respectively.
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The Rietveld fit hereby fits most peaks rather well; only a shoulder at 1.85 Å is not

fitted properly. The structure, on the other hand, would be atypical for ammonia

hydrates as the model would not allow for a hydrogen-bond network. Several

attempts to use this structure and introduce disorder by partially occupying

the hydrogen positions did not result in plausible fits to the data. For these

refinements, rigid bodies of D4O and D4N molecules with partially occupied

hydrogen sites (1/2D for D4O and 3/4D for D4N molecules, respectively) were

used for MSCA runs. Please note that to this possibility is unlikely; to date,

most of the discovered ammonia hydrates are not disordered (with DMA being

the exception to the rule).

Finally an attempt was made to use DFT to see whether this structure would

be stable. To that end, the cell parameters and atom positions of the structure

obtained from the MCSA and Rietveld refinement were used as an input file for

a Castep calculation (for the exact procedure and input parameters see section

6.2.4; the same input was used for all DFT calculations). A geometry optimisation

(GO) was then carried out; the so obtained calculated structure, however, did not

resemble the structure from the MCSA/Rietveld. It is not surprising that this

new structure did not fit the experimental diffraction pattern. Hence it is very

unlikely that this P2/n candidate is feasible.

Amongst the list of possible cells, one other is remarkably similar to the one

discussed here. The cell a = 7.48 Å,b = 9.73 Å, c = 5.06 Å, and β = 124.5 deg

has basically the same lattice parameters but is doubled along the b-axis. It was

treated in the same fashion as the above case and the MCSA runs resulted in a

reasonable structure for the P21 space group. The structure is shown in Figure

6.6; similarly to the P2/n candidate, the structure is layered along the b-axis.

Also in this case, a GO was carried out; the arrangement of molecules seems to

be energetically unfavourable resulting in a massive shift of the atom positions

during the optimisation. The GO structural model did not fit the experimentally

observed pattern and hence this structure can be excluded as well.

P2

The cell a = 5.62 Å, b = 5.86 Å, c = 5.01 Å, and β = 91.9 deg was tested

in a similiar way as described above. A LB-refinements was used to determine

the lattice parameters, MCSA to find a plausible structure and space group (P2,
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Figure 6.6 Structure candidate from MCSA in the space group P21. Again,
ammonia and water form stacked layers along the b axis.

Z=4, ρ = 1.62 g/cm3), and the geometry of the structure was then optimised

using Castep. However, the Rietveld refinements carried out resulted in a

physically implausible structure with the two water molecules occupying the

same crystallographic site. This would mean a largely reduced density as well as a

wrong (AHH) composition. While dehydration in case of the AMH-IV
∆T−−→ AHH-

II + ice VI has been observed, the lack of water reflections in the experimental

pattern suggests that this is not the case here. Hence this candidate structure

was discarded.

P21/c the First

The first P21/c cell presented here, P21/c (I) had the lattice parameters a =

4.379(3) Å, b = 4.502(4) Å, c = 17.770(5) Å, and β = 92.39(2) deg. This

structure shows similarity to that of AMH-II (Pbca). Compared to the density

of AMH-II (1.190 g/cm3, Z=16), its density is higher (1.52 g/cm3, Z=12) [56].
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The monoclinic cell deviates from an ideal orthorhombic cell by only ≈ 2.4 deg.

Second, from the MCSA in the space group P21/c a structure model was obtained

which employed – very similar to AMH-II – a motif of partially layered ammonia

and water [56]. The layers of ammonia are stacked along the c-axis at z = 0

and z = 0.5 and ammonia and water mixes and intertwines between those layers.

Furthermore, pure layers of ammonia and water are stacked along the a-axis.

A Rietveld refinement on this structure was stable with an Rw = 0.02784 for

32 parameters and the Rietveld fit to the data is given in Figure 6.7. The

structural parameters were then used as an input for a geometry optimisation in

Castep, and a Rietveld fit of the GO-optimised structure is shown in Figure 6.7.

The geometry optimisation did not result in massive shifts of molecule positions

(average displacement of 0.964(3) Å of the molecular centres between the GO and

the Rietveld solution) and resulted in a physically plausible structure. To verify

further that the structure is plausible, phonon calculations were carried out. The

Γ-point was sampled and resulted in real phonon frequencies only. While the

Rietveld fit of the geometry optimised structure reproduces the main features of

the experimental data (see Figure 6.7), many peaks - particularly in the high-Q

range (d-spacings 1.3-1.9) - are poorly fitted by this structure.

P21/c the Second

The second monoclinic cell in this space group, P21/c (II), that showed promising

results has the dimensions a = 5.487(3) Å, b = 19.068(4) Å, c = 5.989(3) Å, and

β = 99.537(16) deg. A Rietveld fit to the experimental data is given in figure

6.8. Compared to the above discussed structure, P21/c (II) seems to fit all main

features of the diffraction pattern quite well. To verify further that the structure

is plausible, phonon calculations were carried out. The Γ-point was sampled

and resulted in real phonon frequencies only. Furthermore, an extensive DFT

study was carried out and its details will be discussed in section 6.2.5. A density

of about 1.30 g/cm3 was calculated for the above mentioned lattice parameters

(Z=12). While this density is at the lower end of the reasonable densities, the

P21/c discussed here is still the most plausible structure so far.
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Figure 6.7 Rietveld fits to experimental data and respective structures for the
monoclinic cell a = 4.379(3) Å, b = 4.502(4) Å, c = 17.770(5) Å,
and β = 92.39(2) deg in the space group P21/c. The top plot shows
the model obtained directly from MCSA, the bottom one the same
structure after optimising its geometry using DFT.
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Figure 6.8 Rietveld fits to experimental data and respective structures for the
monoclinic cell a = 5.487(3) Å, b = 19.068(4) Å, c = 5.989(3) Å,
and β = 99.537(16) deg in the space group P21/c.
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6.2.5 Structure and DFT study of P21/c (II)

As mentioned in the section above, the best fit to the diffraction pattern of

AMH-IV resulted from a unit cell with the dimensions a = 5.487(3) Å, b =

19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16) deg and the P21/c symmetry;

the values were obtained from the Rietveld refinement shown in figure 6.8. The

overall fit gave resulted in Rw=0.04725, and - as stated above - accounts for

nearly all features in the diffraction pattern. However, due to the limited number

of well resolved peaks and the large unit cell volume of 613.30(8) Å3 the molecular

geometry had to be fixed with rigid bodies. Furthermore, a high symmetry

spacegroup had to be chosen in order not to exceed the empirical 3n-rule of

refinable parameters which states that for every parameter, three peaks for fitting

are needed. As the data quality is meager, additional DFT calculations were

needed to evaluate the structure. The atom positions and isotropic displacement

parameters for the proposed structure of AMH-IV are summarised in table 6.3.

Table 6.3 Atom site, position and isotropic displacement parameters for AMH-
IV in space group P21/c; lattice parameters a = 5.487(3) Å, b =
19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16) deg.

Atom Site x y z Uiso

D1 4e 0.062(9) 0.433(4) 0.724(9) 0.165(15)
D2 4e -0.105(9) 0.394(4) 0.522(9) 0.165(15)
D3 4e 0.545(6) 0.5092(18) 0.266(5) 0.006(5)
D4 4e 0.388(6) 0.5531(18) 0.069(5) 0.006(5)
D5 4e 0.372(5) 0.2823(12) 0.558(3) 0.177(16)
D6 4e 0.343(5) 0.2607(12) 0.285(3) 0.177(16)
D7 4e 0.288(5) 0.3429(12) 0.359(3) 0.177(16)
D8 4e 0.986(5) 0.2022(12) 0.838(3) 0.066(8)
D9 4e 0.755(5) 0.2596(12) 0.776(3) 0.066(8)
D10 4e 0.733(5) 0.1949(12) 0.960(3) 0.066(8)
D11 4e 0.644(5) 0.370(2) 0.032(7) 0.021(7)
D12 4e 0.747(5) 0.294(2) 0.105(7) 0.021(7)
D13 4e -0.032(4) 0.9612(7) 0.112(4) 0.026(6)
D14 4e 0.212(4) 0.9968(7) 0.275(4) 0.026(6)
D15 4e -0.053(4) 0.9870(7) 0.375(4) 0.026(6)
N1 4e 0.274(5) 0.2912(12) 0.401(3) 0.177(16)
N2 4e 0.798(5) 0.2084(12) 0.815(3) 0.066(8)
N3 4e 0.024(4) 0.9980(7) 0.234(4) 0.026(6)
O1 4e 0.048(9) 0.419(4) 0.566(9) 0.165(15)
O2 4e 0.440(6) 0.5501(18) 0.231(5) 0.006(5)
O3 4e 0.599(5) 0.321(2) 0.054(7) 0.021(7)
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An attempt was made to remove the rigid body restriction and to reduce the

symmetry of the space group to P21, both of which remained fruitless. The

former resulted in unreasonable O-H and N-H distances of < 0.8 Å, paired with

an asymmetry in bond lengths in the H2O and NH3 molecules. However, the

overall structure remained intact. In the latter case of lowering the symmetry,

the structure completely fell apart. Without access to additional data of better

quality these limitations are necessary and due to these restrictions, some peaks

are still not fitted perfectly.

Two motifs seem to repeat in this structure, a planar quadrilateral and an

”envelope shaped” quadrilateral (see figure 6.9). The rings constitute of

alternating NH3 and H2O molecules and are interconnected by hydrogen bonds.

The former are stacked along the a-axis either oriented with the two NH3 up

or down. The latter quadrilaterals form alternating stacks that are tilted either

+25 deg relative to the bc-plane, or -25 deg relative to the bc-plane.

Figure 6.9 Reduced structure without hydrogen/deuterium along the unique
axis (b-axis).Two structural motifs repeat along this axis, a planar
quadrilateral and an ”envelope shaped” quadrilateral.

Please note that all considerations so far have assumed a hydrogen-ordered

structure; this is based on the observation that the structures of most ammonia

hydrates (AMH-I, AMH-II, ADH-I, AHH-I, AHH-II [47, 57]) are ordered and the

low temperature at which the data were collected; the DMA phase, on the other

hand, is highly disordered [45]. The possibility that AMH-IV is also (partially)

disordered can hence not be completely ruled out. However, given the data quality

on the structural complexity it is not possible to test for disorder in a meaningful

way.
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The enthalpy calculations based on density functional theory (DFT) were

performed using the Castep code [239, 287] on the ammonia monohydrate

structure obtained by MCSA. Additionally, calculations were performed on the

structures of AMH-I, AMH-II, and the ionic P4/nmm phase; the latter of these

phases was chosen as a reference structure. To calculate stable compounds,

enthalpy values H were compared according to H = U + PV where U is the

internal energy per molecule and P and V are the pressure and molecular volume

respectively. To determine the relative stability, the formation enthalpies at every

pressure point from 1 to 15 GPa relative to the reference structure at the same

pressure was plotted according to

∆H(P ) = H(P )−H(P )ref . (6.1)

This data is shown in figure 6.10. The semi-local exchange-correlation functional

used for these calculations does not fully account for longer range dispersion

interactions which may be present. As a result, the pressure estimations are

higher than seen in experiment, an effect well known for ice [236].

At ambient pressure, AMH-I is the most stable compound. Upon an increase

in pressure, AMH-II starts to compete with AMH-I and becomes energetically

favourable at 4 GPa. This is also observed in experiments at a transition pressure

of about 0.5 GPa. AMH-I, despite not being the dominant species anymore,

was traced to 15 GPa. The kink in the enthalpy curve at 12 GPa indicates an

ionisation of two of the four water-ammonia pairs to NH+
4 and OH−. Spontaneous

ionisation of this form has been observed in several DFT studies before [288, 289].

Between 4 and 5 GPa, Griffiths’ ionic P4/nmm phase becomes the energetically

favourable phase and remains so for the whole pressure regime studied here. While

this behaviour has been observed by Griffiths et al. as well [288], experimentally

no ionisation of this sort has been observed to date. From neutron diffraction

experiments it is known that AMH-II transforms into AMH-IV at 2.2 GPa (upon

pressure increase) or into AMH-III at 210 K (upon heating); see Loveday and

Nelmes (2004) [57].

The P21/c (II) structure of AMH-IV was tracked in the same way and remains

energetically unfavourable in the whole pressure range. This would indicate

metastability of the phase, but could also be a result of the temperature

difference between the DFT-study (0 K) and the experiment (170 K). Similar
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Figure 6.10 Top: Enthalpies of the ammonia monohydrate phases AMH-
I, AMH-II, Griffith’s P4/nmm phase and the proposed P21/c
structure of AMH-IV as a function of pressure. AMH-IV
spontaneously ionises at 12 GPa and changes its unit cell.
Bottom: Densities of the ammonia monohydrate phases as a
function of pressure.

to AMH-I, AMH-IV partially ionises at 12 GPa; two of the twelve formula units

form NH+
4 · · ·OH− pairs. The ionisation goes hand in hand with a change in

lattice parameters to a=5.79316 Å, b=16.59557 Å, c=4.67090 Å, α=89.5249 deg,

β=88.4048 deg, and γ=76.2010 deg (at 12 GPa). Furthermore, a jump in energy

of -0.3 eV per formula unit can be observed. This jump is remarkable, much

larger than in AMH-I, despite only 2-of-12 molecules ionising vs 2-of-4 in AMH-

I. The reason for this is the transition to a completely new (theoretical) phase.

Also this structure was traced (see red curve in Figure 6.10) along the pressure

axis. No transition back to a purely molecular phase could be observed from 3

to 15 GPa.
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Figure 6.11 Unit cell of the triclinic,
partially ionic structure ob-
tained from DFT; the ionic
units are highlighted. This
structure does not fit the ex-
perimentally observed pow-
der patter.

Since the triclinic, partially ionic

structure is energetically much more

favourable, an attempt was made

to use it as an input structure

for a Rietveld refinement, however,

the experimentally observed pattern

did not match this triclinic struc-

ture at all. The unit cell of

this structure can be seen in Figure

6.11.

To reduce the fitting parameters, a

higher symmetry, molecular equiv-

alent of this structure in space

group P21, was carefully constructed

(a=16.5956 Å, b=4.6709 Å, c=5.7932 Å,

and β=76.201 deg), but also this

second attempt remained fruitless.

6.3 Conclusions

A neutron powder diffraction study

was carried out to investigate the

structure of ammonia monohydrate

IV. To that end a neutron diffraction pattern, collected at 170 K at

elevated pressure of 3-4 GPa by Loveday, Robinson and Pruteanu, was used.

Considerations based on the density of other ammonia-water phases suggest a

density of 1.4-1.8 g/cm3 and a proton ordered structure. Due to the data quality

and number of peaks the structure search was restricted further to unit cells not

larger than 400 Å3.

An initial indexing of the broad diffraction peaks using the Gsas-II software

suit led to 108 possible unit cells (see appendix 6.3); carrying out LB-intensity

extractions, this number was reduced to 60 possible cells. Structure-candidates

were then obtained by performing Monte-Carlo Simulated-Annealing (MCSA) in

all plausible space groups of the respective cell. The MCSA procedure used rigid
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bodies of NH3 and H2O. The obtained structures were then further refined using

the Rietveld method.

The most plausible structure which accounts for all features in the experimental

pattern was found in the P21/c space group and has the lattice parameters

a = 5.487(3) Å, b = 19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16)o.

DFT calculations revealed a high formation enthalpy relative to other ammonia

monohydrate phases which could indicate its metastability.

Another possible explanations for this energy difference could be that the

assumption of an ordered structure is wrong. However, the data quality, due

to the nature of the broad and heavily overlapping reflections, was not sufficient

to test disordered structures. A proton-disordered or a disordered molecular

alloy variant of the structure can hence not be ruled out completely. Finally, it

is possible that too high a symmetry for the cell was chosen; this includes the

possibility for a triclinic unit cell, which was not investigated based on the same

data-quality reasoning as above.

To address the above mentioned concerns in the future, an X-ray diffraction

study would prove helpful. First and foremost a diffraction pattern with less

information, i.e. without information of the hydrogen positions, simplifies the

search for a suitable unit cell and a structure based on X-ray data is not affected

by any hydrogen-disorder.
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Appendix Chapter 6

Table 6.4 Lattices that showed a high FoM for the indexing routine in GSAS-II

Cell a b c α β γ FoM Rw (LB)
Monoclinic 9.56 3.89 12.64 90.0 91.5 90.0 63 2.349
Monoclinic 5.47 9.51 5.95 90.0 99.2 90.0 60 2.208
Monoclinic 11.21 6.80 5.19 90.0 106.3 90.0 57 1.901
Monoclinic 5.64 9.54 6.37 90.0 121.7 90.0 56 2.072
Monoclinic 6.62 2.60 7.43 90.0 130.5 90.0 54 3.249
Monoclinic 7.98 5.02 8.85 90.0 99.2 90.0 52 2.154
Monoclinic 21.26 4.03 8.47 90.0 140.3 90.0 49 3.342
Monoclinic 7.41 4.89 5.07 90.0 124.2 90.0 48 2.624
Monoclinic 6.82 10.40 3.97 90.0 93.5 90.0 47 2.118
Monoclinic 15.92 3.59 9.06 90.0 108.8 90.0 41 1.957
Monoclinic 4.77 9.54 9.09 90.0 112.2 90.0 34 1.853
Monoclinic 5.61 9.54 7.95 90.0 111.7 90.0 34 2.766
Monoclinic 10.26 11.67 9.08 90.0 122.0 90.0 34 2.614
Monoclinic 16.01 5.81 11.69 90.0 139.1 90.0 34 1.955
Monoclinic 7.73 5.42 8.90 90.0 93.0 90.0 33 2.111
Monoclinic 4.43 4.47 17.39 90.0 93.1 90.0 31 2.604
Orthorombic 9.12 9.83 10.41 90.0 90.0 90.0 31 2.111
Monoclinic 5.37 5.63 13.99 90.0 101.9 90.0 30 2.590
Monoclinic 3.55 10.48 9.82 90.0 127.9 90.0 30 2.515
Monoclinic 10.59 6.69 6.14 90.0 103.5 90.0 29 2.157
Monoclinic 10.15 3.75 9.02 90.0 135.2 90.0 28 2.337
Monoclinic 3.92 10.42 9.18 90.0 120.1 90.0 27 2.103
Monoclinic 8.41 3.52 15.73 90.0 135.7 90.0 26 2.245
Monoclinic 17.68 6.31 4.06 90.0 97.7 90.0 26 2.254
Monoclinic 10.45 2.76 10.20 90.0 93.1 90.0 25 5.843
Monoclinic 10.79 12.70 3.81 90.0 135.9 90.0 24 2.402
Monoclinic 3.56 8.42 7.63 90.0 115.7 90.0 23 2.263
Monoclinic 2.95 9.54 9.33 90.0 127.2 90.0 22 6.580
Monoclinic 5.94 5.72 8.52 90.0 99.3 90.0 21 2.279
Monoclinic 14.83 3.45 6.37 90.0 128.1 90.0 20 2.792
Monoclinic 11.66 9.56 4.06 90.0 138.3 90.0 18 2.190
Monoclinic 7.27 3.80 6.35 90.0 112.9 90.0 18 2.691
Monoclinic 8.81 2.97 7.27 90.0 107.9 90.0 17 2.652
Monoclinic 8.99 6.08 5.51 90.0 135.0 90.0 17 2.690
Orthorombic 3.24 9.85 13.46 90.0 90.0 90.0 17 2.868
Monoclinic 7.28 2.96 10.75 90.0 101.9 90.0 17 2.516
Orthorombic 4.86 5.84 11.42 90.0 90.0 90.0 17 3.461
Monoclinic 14.38 3.69 6.99 90.0 125.5 90.0 17 2.928
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Cell a b c α β γ FoM Rw (LB)
Monoclinic 10.10 3.61 7.00 90.0 117.2 90.0 16 2.602
Orthorombic 3.58 8.75 11.57 90.0 90.0 90.0 16 2.759
Monoclinic 4.34 8.75 7.18 90.0 124.1 90.0 16 3.364
Monoclinic 3.05 10.40 10.38 90.0 104.9 90.0 16 2.273
Orthorombic 5.62 6.83 8.78 90.0 90.0 90.0 16 2.798
Monoclinic 6.40 3.69 10.51 90.0 97.8 90.0 15 2.437
Monoclinic 5.87 5.61 7.32 90.0 106.9 90.0 15 2.714
Monoclinic 5.62 5.85 5.02 90.0 91.5 90.0 15 2.687
Orthorombic 5.47 6.02 11.71 90.0 90.0 90.0 14 2.875
Monoclinic 9.08 3.38 6.45 90.0 101.5 90.0 14 3.461
Orthorombic 5.85 7.61 8.36 90.0 90.0 90.0 14 3.074
Monoclinic 3.23 8.30 7.87 90.0 104.5 90.0 14 2.573
Monoclinic 5.31 13.34 4.09 90.0 117.6 90.0 13 2.933
Orthorombic 5.33 5.61 11.67 90.0 90.0 90.0 13 3.910
Orthorombic 4.41 5.48 16.92 90.0 90.0 90.0 13 2.951
Orthorombic 4.04 10.28 11.26 90.0 90.0 90.0 13 2.401
Orthorombic 4.12 8.33 10.05 90.0 90.0 90.0 13 2.454
Orthorombic 3.43 8.45 12.15 90.0 90.0 90.0 13 2.687
Monoclinic 4.17 4.13 10.39 90.0 105.1 90.0 13 2.669
Orthorombic 5.60 6.36 7.50 90.0 90.0 90.0 12 2.441
Orthorombic 3.19 4.87 11.70 90.0 90.0 90.0 12 3.197
Monoclinic 6.66 4.38 5.90 90.0 107.7 90.0 12 2.620
Orthorombic 3.17 7.77 12.16 90.0 90.0 90.0 12 3.740
Orthorombic 3.80 5.85 11.21 90.0 90.0 90.0 12 3.832
Orthorombic 3.19 7.54 9.19 90.0 90.0 90.0 11 2.994
Orthorombic 2.92 6.88 10.77 90.0 90.0 90.0 11 4.133
Orthorombic 2.92 6.88 10.77 90.0 90.0 90.0 11 4.178
Monoclinic 8.81 5.03 8.50 90.0 136.8 90.0 11 2.507
Orthorombic 4.54 9.64 11.70 90.0 90.0 90.0 11 2.667
Orthorombic 6.11 6.36 10.03 90.0 90.0 90.0 11 2.755
Orthorombic 3.18 4.89 11.68 90.0 90.0 90.0 11 3.895
Orthorombic 3.48 4.94 15.88 90.0 90.0 90.0 11 3.750
Orthorombic 3.12 8.46 9.53 90.0 90.0 90.0 11 3.208
Orthorombic 3.12 8.46 9.53 90.0 90.0 90.0 11 3.208
Orthorombic 3.18 7.54 9.16 90.0 90.0 90.0 11 3.065
Orthorombic 5.63 9.32 10.11 90.0 90.0 90.0 10 3.088
Orthorombic 2.61 8.80 9.21 90.0 90.0 90.0 10 3.231
Orthorombic 5.61 6.36 7.51 90.0 90.0 90.0 10 2.560
Orthorombic 5.22 7.39 8.03 90.0 90.0 90.0 10 3.932
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Cell a b c α β γ FoM Rw (LB)
Hexagonal 9.71 9.71 8.19 90.0 90.0 120.0 5 3.835
Orthorombic 3.42 8.80 9.70 90.0 90.0 90.0 9 3.019
Monoclinic 3.56 3.85 12.94 90.0 119.9 90.0 9 2.821
Orthorombic 4.28 6.36 7.51 90.0 90.0 90.0 9 3.744
Tetragonal 5.59 5.59 11.67 90.0 90.0 90.0 7 3.156
Orthorombic 2.80 5.52 11.71 90.0 90.0 90.0 6 3.025
Orthorombic 4.12 7.89 13.01 90.0 90.0 90.0 5 3.009
Orthorombic 6.84 8.71 10.43 90.0 90.0 90.0 5 2.936
Hexagonal 5.79 5.79 12.04 90.0 90.0 120.0 5 4.073
Monoclinic 4.05 10.30 8.73 90.0 129.4 90.0 5 3.692
Monoclinic 7.75 5.42 8.88 90.0 92.8 90.0 5 3.065
Hexagonal 9.69 9.69 8.19 90.0 90.0 120.0 4 4.177
Monoclinic 5.62 5.62 13.92 90.0 103.4 90.0 4 2.983
Hexagonal 8.89 8.89 11.61 90.0 90.0 120.0 4 4.768
Hexagonal 13.20 13.20 6.19 90.0 90.0 120.0 4 2.930
Tetragonal 8.25 8.25 9.97 90.0 90.0 90.0 4 3.096
Orthorombic 9.01 5.66 7.67 90.0 90.0 90.0 4 3.550
Monoclinic 5.71 9.16 13.52 90.0 89.9 90.0 4 2.759
Orthorombic 6.64 9.28 13.53 90.0 90.0 90.0 4 3.268
Hexagonal 13.20 13.20 6.19 90.0 90.0 120.0 4 2.930
Tetragonal 8.25 8.25 9.97 90.0 90.0 90.0 4 3.189
Orthorombic 9.01 5.66 7.67 90.0 90.0 90.0 4 3.550
Orthorombic 6.84 8.71 10.44 90.0 90.0 90.0 3 2.936
Hexagonal 5.79 5.79 12.04 90.0 90.0 120.0 3 4.073
Hexagonal 9.71 9.71 8.19 90.0 90.0 120.0 3 3.792
Monoclinic 5.48 9.55 5.96 90.0 99.6 90.0 3 1.879
Hexagonal 8.89 8.89 11.61 90.0 90.0 120.0 3 4.768
Monoclinic 4.02 12.72 11.34 90.0 138.4 90.0 3 1.865
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Chapter 7

A new ternary structure in

ND3-D2O-CD4

In chapters 1 and 6 it was outlined that methane, ammonia and water are the

basis of the ‘mineralogy’ of the outer planets Uranus and Neptune as well as icy

moons like Europa (Jupiter), Titan (Saturn), and Triton (Neptune) all of which

contain significant proportions of some or all of these ices [81]. Modelling the

evolution of these bodies rests on knowledge about the properties of ices and

their mixtures [164, 290].

For example, studies of methane clathrate hydrate [42] showed that, rather than

decomposing into ice and methane at high pressure as had been thought, methane

clathrate hydrate underwent a series of structural phase transitions (see chapter

6). Based on this result, a model for the source of Titan’s atmospheric methane

was proposed [42], which stimulated new modelling of Titan [291]. This modelling

suggested that outgassing of methane from Titan’s interior has been episodic and

that we are currently witnessing the final outgassing event [291].

In another recent work, it has been shown that ammonia hemihydrate is the

dominant composition of ammonia hydrate above 2 GPa [58]. This result implies

that solid ammonia water mixtures above this pressure exist as mixtures of ice

and ammonia hemihydrate II. Furthermore, this gave rise to the possibility of

liquid water on those planets with ammonia acting as an anti-freeze agent.

It also has been shown that above 6 GPa ammonia hydrates are significantly

ionised and this is likely to affect the electrical conductivity of ammonia hydrates
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with possible implications for the magnetism of icy planets [46].

However, almost all work (including chapter 6 in this thesis) focuses on the

behaviour of planetary ices at high pressure has been carried out on binary

mixtures (methane-water and ammonia-water), while the actually relevant

system to the planets is the ternary one, consisting of methane, water, and

ammonia. While the ternary system is of interest, the only measurement of this

mixture is a combined Raman, X-ray diffraction, and observation study of the

melting/decomposition behaviour up to 3 GPa of an ammonia-methane-water

mixture of unknown composition by Kurnosov et al. in 2006 [60].

The experiments here were carried out at the PEARL diffractometer (ISIS,

Oxfordshire, UK) and aimed to verify or falsify the claimed increase in the melting

temperature and to look for evidence of an incorporation of ammonia into the

water lattice of methane hydrate. The former was (at least partially) successful

as it was possible to show that up to 1.6 GPa the melting temperature stayed

constantly at 320 K. Furthermore, evidence is given that the ternary system

crystallises in a so far not reported structure strongly supporting the latter.

Figure 7.1 Methane hydrate I to ice Ih ratio α as a function of time as given by
Kuhs et al. [59]. The growth rate increases with both the temperature
and with the (gas) pressure.
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7.1 Material and Methods

Prior to this experiment, the two hydrates methane hydrate I (MH-I) and

ammonia hemihydrate (AHH), were prepared separately. The used set-up and

technique to form the methane hydrate was similar to the one reported by Kuhs

et al. [59]. In brief, deuterated water (Sigma-Aldrich, D2O, >99.99% deut.)

was powderised by spraying it into liquid nitrogen in a water-free atmosphere to

prevent hydrogenated water condensing onto the sample. The largely increased

surface area of the so produced very fine powder accelerates the synthesis of

MH-I significantly. The sample growth is determined by two mechanisms: the

formation of a hydrate on the outside of a particle and the subsequent diffusion

into the interior thereof (see Figure 7.4). While the rate for the former process is

high, it is small for the latter and hence is the rate-limiting step for the process.

Figure 7.2 The formation of MH-I is a two-step process. In the first step
methane gets absorbed on the surface of an ice crystallite and a layer
of methane hydrate is formed. In the second step methane diffuses
through the MH-I layer into the interior of the particle and the MH-I
layer grows inwards. Figure taken from Kuhs et al. [59].

The powder was then transfered into a Swagelok pressure cylinder and pressurised

with deuterated methane (Cambridge Isotope Laboratories, CD4, >99% deut.)

to about 50 bar (the bottle pressure). The pressure cylinder was then stored in a

freezer at -5℃ (268K). In figure 7.1, the MH-I/Ih ratio, α, as a function of time

is shown (data taken from Kuhs et al. 2006 [59]). From this data and a maximal

pressure of 50 bar, a growth-time of about three months was estimated to form

a sample of α >0.95.
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Figure 7.3 Neutron diffraction patterns of the samples that were used for the
experiment; Methane Hydrate CD4-D2O (bottom), ammonia hemi-
hydrate ND3-0.5H2O (mid) and the pattern of the mixture (top).

In a similar set-up, the ammonia hemihydrate was produced by condensing

deuterated ammonia (Sigma-Aldrich, N3, >99.99% deut.) into a Swagelok bottle

cooled with liquid nitrogen and filled with deuterated water (Sigma-Aldrich, D2O,

>99.99% deut.). The 2:1 mixture was then allowed to warm to room temperature

and was cooled back to 166 K in an Isopropanol/LN2 bath to stabilise a liquid

mixture of D2O-ND3. This mixture was then cooled with liquid nitrogen to 77 K

to form a solid. (Due to the rapid cooling from 166 K to 77 K an amorphous solid

is formed which crystallises at approximately 120 K on heating to the hydrate).
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To establish the water-gas ratio in the sample, the two gas hydrates as well as a

roughly 1:1 mixture of them were transferred into an Orange-type cryostat and

diffraction patterns were collected for about 1 h at the PEARL beam-line, at the

ISIS neutron source at the Rutherford Appleton Laboratory (RAL, Oxfordshire,

UK) [221]. The respective diffraction patterns are given in Figure 7.3. Finally,

the water-methane, water-ammonia and the water-methane-ammonia ratios were

obtained from a Rietveld fit to the respective patterns.

The analysis of all diffraction patterns was carried out by Rietveld profile

refinement using the GSAS-II crystallographic software package [183].

7.2 Results and Discussion

From the Rietfeld fits shown in figure 7.3 molar ratios of 46.0:8.2 D2O:CD4 for the

MH-I sample and 2.0:1.5 ND3:D2O for the AHH/AMH sample were determined.

For methane hydrate this corresponds to an occupancy of the cavities of 100%.

Taking the phase fractions of the mixture into account, this results in a molar

ratio of 13.3:56.7:8.2 for ND3:D2O:CD4; hence, the sample had and ammonia

content of 17.0 wt%.

For the high-pressure experiment, the mixture of D2O-ND3-CD4 was cryo-loaded

into a PE-cell; as a pressure marker a small amount of lead was added. Below

1 GPa the diffraction peaks of MH-I were clearly visible and above this pressure,

the sample transformed into MH-II. The sample was then pressurised in steps to

1.6 GPa; after every pressure step the sample was heated to the melt and then

allowed to re-crystallise.

7.2.1 The Melting Temperature of D2O-ND3-CD4

In 2006, Kurnosov et al. first reported a massive increase above 1.2 GPa in

the decomposition temperature in a NH3-CH4-H2O system relative to the pure

CH4-H2O system – with a total increase of 70 K at 2.0 GPa [60]. The influence

of ammonia on the melting behaviour of methane hydrate has hence been the

subject of several other studies; Choukroun et al. found a lower melting curve for
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Figure 7.4 Summary of melting curves of methane hydrate in the water-
methane–ammonia system. Blue squares indicate the dissociation
of pure methane hydrate and the other open symbols indicate the
dissociation conditions of MH in mixed samples with different
ammonia concentrations. The open green diamonds indicate those
reported by Kurnosov et al. (ammonia concentration 10-15 wt%).
Full red squares are the melting points of deuterated methane-
ammonia-water in this study. Data taken from [60–66].

the ternary system at pressures <0.8 GPa. For methane hydrate I, the melting

temperature is lowered by about 30 K and 50 K for samples with 5 and 7.5 wt%

ammonia, respectively [65]. On the contrary, data published by Kadobayashi

et al. suggests a melting curve for the D2O-ND3-CD4 system indistinguishable

from the melting curve of pure methane hydrate for pressures <2 GPa (6.25 and

12.5 wt% ammonia). However, in the stability region of MH-III they reported

a lower melting temperature for methane hydrate in the presence of ammonia

[63, 64, 292]. Please note that these studies show that methane hydrate can co-

exist with aqueous ammonia, but none of them report any effect of ammonia on

the solid-solid transitions MH-I −→ MH-II and MH-II −→ MH-III.

Figure 7.4 shows the reported decomposition curves for methane hydrate in the
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presence of ammonia along with the curves for pure methane hydrate [60–66].

Data of the melting temperatures this study on the deuterated ternary mixture

are shown as red squares.

It was not possible to reproduce the predicted increase in the dissociation

temperature; up to a pressure of 1.6 GPa the melting curve stayed flat at about

320 K and in agreement with the curves for pure methane hydrate published

by Bezacier et al. [61] and Dyadin et al. [66]. It should be emphasised that

in all other studies shown here, hydrogenous samples where used but this study

was carried out on a deuterated sample. Therefore an isotope effect reducing the

overall melting temperature can not be excluded but seems unlikely as the melting

curve below 1 GPa does not differ from the hydrogenous ones. Furthermore,

no (significant) isotope effect on the melting of methane hydrate in such low a

pressure regime has been observed so far.

7.2.2 Incorporation of ND3 into the CD4-D2O Network:

Evidence for a Ternary Phase Above 1.6 GPa

In figure 7.6 the powder patterns collected at each pressure after melting are

shown. The open symbols show the diffraction data and the solid line is a Rietveld

fit to the data. Up to a pressure of 1.48 GPa, it was possible to index all peaks

in the diffractograms either as methane hydrate-II (MH-II) or as ice VI. Please

note that ammonia hydrates only crystallise above 3 GPa at room temperature.

After heating at 1.6 GPa, new peaks emerged alongside the methane hydrate and

ice VI peaks (cf. arrows in Figures 7.5 and 7.6). It was not possible to fit any

known methane hydrate, ammonia hydrate, or high pressure ice structure to this

pattern. A comparison of the known crystal structures of ammonia, methane,

water, and their mixtures is shown in Figure 7.5. This indicates that the NH3-

CH4-H2O system forms a new crystal structure above this pressure.

An analysis of the space group of MH-II with the subgroup tool on the Bilbao

crystallographic server [293] was hence carried out. Most subgroups ofP6/mmm

could not explain the emerging peaks, only the space group Cmmm, a translat-

sionsgliche subgroup of P6/mmm could explain the peaks. A transformation to
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Figure 7.5 Comparison with other structures of the D2O, ND3-D2O and CD4-
D2O systems which have been observed at similar P/T -conditions.
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Figure 7.6 Neutron diffraction patterns for the compression of ND3-CD4-D2O
system. After each pressure step the sample was heated to the melt.
Open circles are collected data, lines are the respective Rietveld fits.
The tick mark

this space group resulted in the lattice parameters a=20.50748 Å, b=11.84000 Å,

and c=9.92200 Å. A Le-Bail fit was then carried out and is shown in figure

along with the transformed MH-II unit cell in space group Cmmm (Rw=0.0884).

Ammonia could therefore be incorporated into the existing MH-II water lattice

resulting in a reduction of crystal symmetry and a slight distortion of the unit

cell to a=20.128(6) Å, b=11.8157(31) Å, and c=9.902(4) Å (at 1.6 GPa).

Two mechanisms could be possible here; either ammonia substitutes a D2O

molecule in the water lattice, or ammonia occupies a cage and forms a mixed

clathrate. An incorporation into the water lattice seems more plausible at first

due to the hydrophilic nature of ND3 (cf. chapters 1 and 6). However, Shin

et al. postulated an incorporation of ammonia into the clathrate cages; based

on a series of vapor deposition experiments paired with molecular simulations
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Figure 7.7 Left: A LeBail fit for MH-II in the Cmmm space group could
explain the emerging peaks. The resulting lattice parameters are
a=20.49949 Å, b=11.42588 Å, and c=9.5209 Å. Right: MH-II, a
hexagonal clathrate hydrate (sH), in the orthorombic Cmmm space
group.

they were able to show that ammonia can occupy both small and large cages

in the sI and sII structures [86]. Hence, the mixed cage occupation seem more

plausible. However, the observation of hydrogen bonding between the ammonia

guest molecules and the water molecules is highly unusual for clathrates as it was

believed that a hydrogen-bonding guest would result in the break-down of the

cage-like water network (cf. Sloan [77]).

A quick initial test to rule out a substitution of ammonia into the water lattice

was tried. To that end, every D2O position in the MH-II phase was also occupied

with an ammonia molecule. The two molecules were then constrained to give a

total occupancy of 1 and the occupancies were refined using the Rietveld method.

Similarly, the the sites of the CD4 guest molecules were occupied with constraint

ammonia molecules and refined as well. However, the overall fit to the data did

not improve and the new peaks could not be explained by these (very simple)

models. This is most likely due to the poor data quality as most peaks in the

high q-region are heavily overlapping with parasitic anvil, ice VI, or Pb peaks.
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Another possibility for the ternary mixture could be the formation of a completely

new crystal structure, unrelated to any known binary hydrates. In this case it is

likely that 1.6 GPa was not a sufficiently high enough pressure to convert all of

the MH-II into the new phase. Based on the limited data set it was not possible

to investigate this possibility closely and an attempt for structure search (see

chapter 6) was once again complicated by the existence of many parasitic anvil,

ice VI, and PE-press peaks. A more detailed study should be carried out in the

future.

7.3 Conclusions

A neutron powder diffraction study was carried out to investigate the ternary

mixture of ammonia, water, and methane. To that end a 1:1 mixture of AHH

and MH-I was cryo-loaded into a PE-press and then allowed to warm to room

temperature. The reason for this study was twofold. First, to verify or falsify the

claimed increase of the melting temperature of methane hydrate in the presence

of ammonia and second, to look for evidence of incorporation of ammonia into

the MH-I lattice.

For the former of the two goals, the sample was then incrementally compressed

to 1.6 GPa. At each step, the sample was heated to the melt and then re-cooled

to room temperature. Here no evidence of an increase in the melting behaviour

of MH-II in the presence of ammonia was found as our melting curve is in good

agreement with the melting curve of pure MH-II as given by Bezacier et al. [62].

It should be noted though, that both Kurnosov et al. and Bezacier et al. used

hydrogenous samples whereas this study was carried out on a deuterated sample

- and an isotope effect is hence possible but unlikely.

As for the latter goal, it was possible to identify four novel reflections at 1.6 GPa.

These peaks do not fit any of the known crystal structures of the ammonia

hydrates or the methane hydrates. This evidence gives credence to the existence of

a ternary crystal structure. Due to many parasitic peaks of AMH, ice VI and the

cell it was not possible to determine the exact structure. A follow-up experiment

was originally scheduled for a further investigation of the ternary system but

had to be cancelled due to the outbreak of a global pandemic in 2020/21. Still

the report of a ternary phase in the ammonia-methane-water system has many

implications on how we see and model the outer planets and the icy moons.
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Chapter 8

Carbonic Acid at High Pressure:

Carbonate Formation in TiZr-Gaskets

The investigation of small gases dissolved in water is of importance to many

different fields such as astrophysics, biology and environmental science [70]. In

particular, the carbon dioxide-water system is of considerable importance as both

molecules are abundant in the Solar system - in cosmic dust as well as in the

interior of planets and moons [294, 295]. However, more importantly carbon

dioxide and water are the principal volatile components of the Earth’s mantle

and their behaviour at pressure is important to models of the Earth’s carbon and

water cycles. As such, solid CO2-hydrates may be a possibility for carbon dioxide

sequestration [296].

Historically, the first evidence for the existence of CO2 hydrates dates back to

the year 1882, when Wróblewski [297–299] reported clathrate formation while

studying carbonic acid. He noted that the gas hydrate was a white material

resembling snow, and could be formed by raising the pressure in the H2O-CO2

system. He also estimated the CO2-hydrate composition to be approximately

CO2·8 H2O. The composition found by Wróblewski was falsified in 1954, when

von Stackelberg and Muller [300] determined the crystal structure of CO2 hydrate

to be a type-I clathrate hydrate (sI); this type of clathrate allows for a H2O:CO2

ratio of 5.75:1 [70].

The first high pressure phase of CO2 and H2O was reported by Hirai et al. in 2010

[67]. Formed by compressing sI (space group Pm3n) using diamond anvil cells
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and a helium-refrigeration cryostat, this phase was revealed at pressures above

approximately 0.6 GPa and below 1.0 GPa. Above this pressure, the new phase

decomposes to dry ice (space group P ā3) and ice VI (space group P42/nmc). The

exact phase boundaries were later determined by Massani et al. [39]. Tulk et al.

tried to solved the structure of this new phase in 2014 using neutron-diffraction

data and computer models and proposed a filled ice structure in the space group

Imma for the high-pressure phase of CO2 hydrate [301]. However, Amos et al.

showed that this phase is in fact part of the chiral sX clathrate family [154].

Figure 8.1 Phase diagram of water and carbon dioxide. The coloured areas show
the stability region of sI and sX, respectively. The dark blue line
shows the nucleation line above which carbonic acid monohydrate
(”S3”) can be found, and the dashed line gives its dissociation curve.
The light grey and blue lines show the phase diagram of pure water
and CO2, respectively. Data taken from [39, 67, 68].

Figure 8.1 shows the phase diagram of carbon dioxide-water as published by

Abramson et al. in 2017 [68]. At 4.4 GPa and about 400 K they found a kink

in the Ice-VII+CO2 melt-curve and observed a new solid phase (”S3”) forming.

They interpret the kink as a quadruple point for the equilibrium between ice VII,

solid CO2, S3, and fluid F1. Above this pressure they observed a peritectic line
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which separates F1+S3 from CO2+F1 (dotted line) and an eutectic line which

separates Ice-VII+S3 from S3+F1 (not shown). Abramson et al. also observed

that S3 formed over the course of a few hours from mixtures of solid ice VII and

solid CO2 when warmed above 155oC. The solid blue points in figure 8.1 show the

pressures and temperatures where this was observed. Finally S3 was observed to

decompose on decompression and the open diamonds denote the conditions where

decomposition was observed. However, the exact location of the phase boundary

that separates ice-VII+CO2 from S3 remains to be determined [68].

Abramson et al. have also been able to characterise the S3 phase with Raman

spectroscopy and X-ray diffraction; based on the Raman spectra they concluded

that S3 is carbonic acid. From single crystal X-ray diffraction follows that S3

is the monohydrate of carbonic acid (H2CO3·H2O) and has a triclinic structure

(a=5.88 Å, b=6.59 Å, c=6.99 Å, α=88.7o, β=79.7o, γ=67.7o, V=246.5 Å3)[302].

The work described in this chapter arises from an attempt to determine the

hydrogen positions in carbonic acid monohydrate (CMH) by means of neutron

diffraction. The attempt was unsuccessful, but revealed a more complex

behaviour of carbonic acid at elevated pressures and temperatures. In particular,

the absence of carbonic acid in the presence of titanium – a metal which

is commonly used in neutron experiments as a component of null-scattering

TiZr alloy. As such it has an influence on the experimental design of neutron

experiments experiments involving CO2 and H2O or carbonic acid.

8.1 Material and Methods

The ex-situ Raman experiments were carried out with in a Confocal Raman

Microscope, Labram 300, which employs a 632.81 nm (red) 15-mW He-Ne laser.

The in-situ experiments were carried out using a green 514.5 nm laser. The DACs

(200 µm culet, Re gasket) were loaded using the ’bubble-method’ [154]; first liquid

D2O (S-A, 99.999%, >99.9% deut.) was filled into the gasket hole and the cell was

closed lightly and in a manner that the water was still able to evaporate. Upon

the formation of a bubble of suitable size, the cell was closed and the sample

frozen in liquid N2; the cell was opened again and gaseous CO2 was condensed

into the cavity in the sample chamber.
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The neutron diffraction experiments were conducted in a PE-press at the PEARL

beam-line, Rutherford Appleton Laboratory [221]. To that end, a fine powder of

CO2 and D2O (roughly 1:1 in volume) was ground together and then cryo-loaded

into a PE-press [197, 200]. A set of ZTA ceramic anvils (ZrO and Al2O3) was

used and the gasket material consisted of a null-scattering TiZr alloy [221, 303].

The press was sealed with an initial load (sample pressure less than 0.5 GPa) and

then put onto the instrument.

The analysis of the diffraction patterns was carried out by either Rietveld profile

refinement using the GSAS-II crystallographic software package [183].

8.2 Results and Discussion

8.2.1 Initial Raman Experiments

In order to find any possible isotope effects Abramson’s Raman experiment in a

diamond anvil cell was repeated with D2O [68]. To this end, carbon dioxide and

deuterated water were loaded into a DAC using the bubble-method. The sample

was then brought to 4.5 GPa, at which pressure it was heated to 445 K; after

Figure 8.2 Raman spectra of CO2 and D2O at 300 K, after heating to 400 K
and 445 K at 4.5 GPa. The two peaks before and after the massive
diamond peak at app. 1380 cm−1 are CO2. The emerging peak at
app. 1090 cm−1 is a carbonic acid mode.
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cooling back to room temperature the sample was characterised by ex-situ Raman

spectroscopy. The Raman data of this experiment in shown in figure 8.2. The two

peaks before and after the massive diamond peak at 1380 cm−1 are assigned to

CO2 Fermi-dyade, a peak doublet found in Raman bands of symmetric molecules;

it is a consequence of wavefunction mixing which results in a shift of the energies

and intensities of the respective modes. The emerging peak at 1090 cm−1 after

heating to 445 K at 4.5 GPa is a carbonic-acid mode belonging to CO2−
3 . The

inset in figure 8.2 shows a microscope picture of the sample after heating.

To determine the exact formation condition of carbonic acid, the same experiment

was then carried out in-situ. The respective spectra are shown in figure 8.3. The

first evidence of the presence of D2CO3·D2O can be observed at 425 K; a carbonic

acid mode appears at 1090 cm−1 while the Fermi-dyade due to of solid CO2 and

the water modes at 3300-3500 cm−1 disappear. The onset of the dissociation

of D2CO3 can be seen at 440 K (which is in good agreement with the phase

Figure 8.3 In-situ Raman spectra of CO2 and D2O upon heating from room
temperature to 530 K at 4.5 GPa. The two peaks before and after the
massive diamond peak at app. 1380 cm−1 are CO2. The emerging
peak at app. 1090 cm−1 is a carbonic acid mode. The two peaks
between 3300-3500 cm−1 show water modes.

155



diagram given in [68]); visual observation of the gasket hole also suggested a

partial liquification of the sample at this temperature. Please note that part of

the CO2 remains solid - and therefore visible in the Raman spectra - up to 510 K.

The top violet curve in Figure 8.3 thereby depicts the spectrum after cooling the

sample back to room temperature and once again shows the presence of carbonic

acid.

8.2.2 Powder-Neutron Diffraction at ISIS:

A Failed Attempt to Find the Hydrogen Positions

In order to determine the hydrogen/deuteron positions in carbonic acid mono-

hydrate a similar experiment as described in 8.2.1 was carried out at the ISIS

neutron source (RAL, Oxfordshire, UK).

To that end, a fine powder of CO2 and D2O (roughly 1:1 in volume) was

ground together and then cryo-loaded into a PE-press. The sample was step-wise

compressed to 4.0 GPa (app. 0.5 GPa steps) while powder data was recorded.

The slightly lower starting pressure (cf. DAC experiment 4.5 GPa) was chosen

to compensate for a pressure increase due to thermal expansion upon heating.

In figure 8.4 the respective data is shown; the open symbols give the diffraction

data, while the solid red line is the corresponding Rietveld fit to the data. The

pressures given were determined from the BM-EoS of carbon dioxide; solid CO2

has no phase transition in the respective pressure range and stays solid upon

heating (see section 8.2.1). Note that the mixture is initially liquid; upon reaching

about 2 GPa the sample starts to crystallise as ice VII and CO2(I). As expected,

no further phase transition can be observed during this compression.

At 4.0 GPa a diffraction pattern was recorded for about 6 h and from this the

composition of the sample was determined; the weighted Rietveld refinement

suggests a molar CO2:D2O ratio of 1:0.48.

Subsequently, the ice VII-CO2 sample was heated at 4.0 GPa to 480 K. The

diffraction data for the temperature increase is given in figure 8.5; the open circles

are measured data points and the solid red line gives the respective Rietveld fit

to the data. During the heating, the pressure increased due to thermal expansion

156



Figure 8.4 Powder diffraction data for the compression of CO2 and D2O at
room temperature. The open circles give the diffraction data; the
solid red line is a Rietveld fit to the data. The tick-marks are from
bottom to top: anvils (Al2O3 and ZrO), CO2 (I) and ice VII.

to 5.1 GPa at 480 K, which should be in the stability region of the carbonic-acid

monohydrate. However, no changes in the diffraction pattern can be observed

during the heating.

In a second attempt to form carbonic acid monohydrate, a mixture of ice VII

and solid CO2 was brought to 2.65 GPa (12 t load) and then heated to 480 K

(diffraction patterns not shown here). At this temperature, the diffraction peaks

caused by solid CO2 in the sample vanish due to the melting. Simultaneously the

appearance of a broad halo-peak (liquid CO2) was observed. At this temperature

157



Figure 8.5 Powder diffraction data for the heating of CO2 and D2O at 4.0 GPa.
The open circles give the diffraction data; the solid red line is a
Rietveld fit to the data. The tick-marks are from bottom to top:
anvils (Al2O3 and ZrO), D2CO3·D2O, ice VII, and CO2 (I).

the sample was then pressurised in order to obtain D2CO3·D2O from the melt.

However, also in this case the main diffraction peaks were identified as ice VII

and dry ice peaks. The respective powder diffraction pattern at 4.8 GPa and

480 K is shown in figure 8.6; the open circles show the collected data (collection

time 6 h) and the red line is a Rietveld fit to the data.
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Figure 8.6 Powder diffraction data for CO2 and D2O at 4.8 GPa and 480 K
after compression at elevated temperature. The arrows indicate
newly emerged peaks not visible before compression. The open circles
give the diffraction data; the solid red line is a Rietveld fit to the
data. The tick-marks are from top to bottom: anvils (Al2O3 and
ZrO), CO2(I), and ice VII.

8.2.3 The Influence of the Gasket Material on the Formation

of H2CO3 and D2CO3

In the data shown in figure 8.6 two small peaks were observed that could not be

indexed by either the anvils, CO2, or ice VII. The respective peaks are indicated

by arrows in figure 8.6. A first attempt to fit the peaks with D2CO3·D2O failed;

as only two peaks were observed, an indexing of this observed phase is impossible.

Additionally it was observed that the intensity of the sample peaks relative to

the intensity of the anvil peaks decrease during the heating experiment (cf. Fig.

8.5). This led to the conclusion that the sample somehow reacted during the

experiment. Since the formation of carbonic acid was excluded by the lack of the
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respective peaks in the diffraction pattern, another possible pathway for the loss

of water and carbon dioxide had to be found.

Figure 8.7 Raman spectra of CO2 and D2O in the presence of Ti upon heating
form RT to 445 K at 4.5 GPa. The two peaks before and after the
massive diamond peak at app. 1380 cm−1 are CO2. The arrow
shows the position at which the carbonic acid mode should emerge.

The only change in the experiments carried out in a diamond anvil cell and in the

Paris-Edinburgh press was the different gasket material; while the DAC employed

a rhenium gasket, the PE-press used a TiZr gasket. As D2CO3 is a strong acid a

reaction of carbonic acid with the gasket material would be possible according to

2 D2CO3 + Ti→ Ti(CO3)2 + 2 D2 and/or

2 D2CO3 + Zr→ Zr(CO3)2 + 2 D2.

An investigation of the gasket was not possible as it was disposed of before a

post-experimental examination could be carried out.

The Raman experiment described above was hence repeated in presence of

titanium. This was due to the availability of Ti powder. The respective spectra

are shown in figure 8.7. While the intensity of the CO2 bands clearly decreases

upon heating, no carbonic acid could be found in these experiments (cf. top

spectrum in fig. 8.7). It is therefore likely that the formed carbonic acid indeed

160



reacts with the gasket material in the PE-press which explains why it was not

found. As Ti on its own showed a reaction (see below) a repetition in the presence

of Ti and Zr - as in a TiZr alloy - was foregone.

While it was not possible to fit a known Ti(CO3)2 or Zr(CO3)2 to the two unknown

reflections in the powder diffraction data, here an indirect proof of this assumption

is discussed. Deuterium phase I (D-I) crystallises in a hexagonal unit cell in the

space group P63/mmc. The most intense peak of D-I is the 101 reflection. As

shown in figure 8.8, the powder pattern fitted only with ice VII and CO2(I) fits

particularly poorly in this d-spacing region; however the fit is slightly improved

by adding D-I to the phase mixture. The unit cell volume of D2 (29.3(4) Å3) is

consistent with literature values (28.8 Å3) at the respective pressure of 4 GPa

[110].

The existence of hydrogen in the sample can hence be interpreted as an indication

that the concentrated carbonic-acid reacts with the gasket to a carbonate - and

that the reaction releases D2.

8.3 Conclusion

An attempt to make carbonic acid and study its crystal structure and in particular

to verify the positions of hydrogens in the crystal structure; while a structure for

(hydrogenous) carbonic acid monohydrate has been published based on X-ray

diffraction by Abramson et al. in 2008 [302], this publication lacks measured

hydrogen positions due to the inherent nature of X-ray diffraction.

In a first attempt, it was possible to reproduce Abramson et al.’s measurements

successfully in a diamond anvil cell using a deuterated sample. The formation

of D2CO3·D2O was thereby observed using spectroscopy; in an ex-situ Raman

experiment it formed at a pressure of 4.5 GPa and elevated temperatures.

Furthermore, it was confirmed that it can be recovered to room temperature.

Secondly, the exact formation temperature at 4.5 GPa was measured in an in-

situ Raman experiment and found to be 425 K.

A similar experiment was then carried out at a larger scale using a PE-press at the

ISIS neutron facility to obtain a diffraction pattern of carbonic acid monohydrate.

Diffraction data at 4.0 GPa was recorded up to 480 K at which the pressure
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Figure 8.8 Powder diffraction data for the heating of CO2 and D2O at 4.0 GPa.
The open circles give the diffraction data; the solid red line is a
Rietveld fit to the data. The tick-marks are from top to bottom:
anvils (Al2O3 and ZrO), CO2 (I), D2(I), and ice VII.

increased to 5.1 GPa, but no reflections associated with D2CO3·D2O could be

identified. A second attempt to obtain carbonic acid by cooling the mixture from

the melt also failed.

Investigating the reason why D2CO3·D2O did not form in the PE-press led to the

conclusion that the gasket material reacted with the sample. While a rhenium

gasket was used for the DAC experiments, PE-press gaskets were machined from

an titanium-zirconium alloy. When the DAC experimented was repeated in the
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presence of Ti, also no carbonic acid was found. Pure carbonic acid, while not

stable at ambient conditions in aqueous solution, is considered a strong acid. It

is therefore very likely that it reacts with the gasket material according to

2 D2CO3 + Ti→ Ti(CO3)2 + 2 D2 and/or

2 D2CO3 + Zr→ Zr(CO3)2 + 2 D2.

While it was not possible to identify any new reflections as Ti(CO)3 or Zr(CO)3,

it was possible to improve the Rietveld fit by adding D2 to ice VII and carbon

dioxide. This further reinforces the argument that carbonic acid reacts to a

carbonate with Ti or Zr. This evidence that a reaction between carbonic acid and

TiZr occurs has important consequences for the design of neutron experiments.

TiZr is widely used for sample cans and pressure cells because it produces no

Bragg peaks (null-scattering). Experiments involving carbon dioxide, water,

and TiZr have the potential to react negating the experiment and potentially

damaging the sample can.

As it was not possible to obtain a diffraction pattern of D2CO3·D2O, and hence

to obtain the hydrogen/deuterium positions in its crystal structure, further

experiments are necessary in the future. To avoid a reaction with the gasket

material, they should be carried out in a large-volume DAC suitable for neutron

diffraction using a rhenium gasket.
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Chapter 9

Summary and Final Remarks

9.1 Single Crystal Neutron Diffraction in DACs

As outlined in chapter 4 it was shown that it is possible to obtain structurally

meaningful data from single-crystal neutron diffraction in diamond anvil cells.

It was possible to resolve the diffraction pattern of a DKDP crystals of nDAC

size (0.028 mm3) at the TOPAZ and SNAP beamlines at the Spallation Neutron

Source (SNS) at Oak Ridge National Laboratory (ORNL). In the same study

it was shown that the same crystal can be resolved in the sample environment

of a diamond anvil cell. These proof-of-concept experiment show that obtaining

meaningful structural data by means of single crystal diffraction is possible at

high flux neutron sources. Furthermore, a case study for an ice VI crystal under

pressure was presented which shows the applicability of this technique for real

samples.

This proves particularly useful as progress has been made in the development

of diamond anvil cells for neutron diffraction; Reinhard Boehler et al. at Oak

Ridge National Laboratories recently presented a design for a piston-cylinder cell

capable of megabar pressure. Their new cell is based on a ball-bearing design and

achieved a new pressure record for neutron scattering of about 120 GPa (paper

to be published in the near futur).

It was possible to obtain enough structure factors to refine DKDP and ice VI

with similar accuracy as literature values for the respective samples and – in

case of the DKDP - the bare crystal. However, the errors on the structural

parameters increased. The studies presented here are pushing the limits of the
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current possibilities of neutron diffraction and hence it is not surprising that the

data quality is improvable [2].

For the future several improvements should be implemented to make this

technique more accessible and user friendly. First and foremost, I would like to

mention the integration algorithms for single crystal reflections. So far only a very

basic integration based on two ellipsoids can be used to obtain structure factors

on the SNAP beam line; an algorithm integrates single crystal Bragg peaks by

summing the number events in a 3D ellipsoidal peak region in reciprocal space and

subtracts an estimate of the background obtained from an ellipsoidal shell (see

IntegrateEllipsoids documentation [246]). This method works well for reflections

in ‘free’ reciprocal space but fails if a Bragg peak lies close to a powder line

(usually caused by the gasket material). If the single crystal peak sits on a powder

line, the (non-linear) intensity of the powder line is treated as a constant (i.e.

averaged) background. This ultimately leads to a wrong count in the integration

process and hence to wrong structure factors.

Currently, all single crystal reflections with similar d-spacings as the ones of the

gasket material have to be discarded. Hence the overall number of recorded

structure factors is largely reduced. In theory it is possible to fit the background

with a Gaussian (or a more elaborate function) and use this background in the

integration process. The possibility was discussed but was considered too time-

consuming for this project especially since the existing routines yielded a sufficient

data quality for the planned single crystal experiments on hydrogen/deuterium.

A second remark should also be made with regards to the absorption correction.

As outlined prior in this work, the absorption of scattered neutrons was only

treated in a very crude way, i.e. the gasket, which is the main neutron absorber,

was treated as a hollow sphere and the diamond was not treated for at all;

unavoidably, recorded Bragg reflections differ from the real structure factors.

This error is highly dependent on the spacial direction of the scattered neutrons.

However, due to the multiplicity of most peaks the error is relatively small and a

more sophisticated model did not improve the overall data quality significantly.

Once again this systematic error was assessed and considered negligible for the

overall goal of this project. For the future, however, a proper model and a ray-

tracing approach should be considered, based on the dimensions and the geometry
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of the sample environment.

Altogether, single-crystal diffraction on SNAP is possible and does yield sufficient

data quality despite the required long collection times of 6+ h per orientation.

With this powerful tool, several controversies can be investigated - the first

and foremost of them the study of the high-pressure phases of hydrogen and

deuterium; using a single crystal could finally shed light on the exact nature of

the broken-symmetry transition between hydrogen I and II. Furthermore, single-

crystal study would prove useful to determine the exact hydrogen positions during

the (continuous) transition from ice VII/VIII to ice X.

9.2 Gas Hydrates under pressure

In the second half of this work various gas hydrates of nitrogen, ammonia, and

to some lesser degree carbon dioxide were discussed. Thus it seems plausible to

split this section into three parts as well.

Nitrogen sX

In this section, the possibility to re-fill empty ice XVII with nitrogen at 130 K and

0.3 GPa was shown . In previous works it has been shown that ice XVII has the

possibility to be used as a storage material for hydrogen as H2 can be reversibly

removed from the respective clathrate [154, 257, 258]. Here it was shown that

that the empty structure can also be re-filled with a larger molecule, N2, and that

the water network stay intact. (Later, a similar experiment was conducted with

oxygen and with neon [262].) This adds the sX hydrate to the list of nitrogen

hydrate and the name nitrogen hydrate V (NH-V) was proposed for this structure.

The overall structure for sX is supported by experimental data as well as by

DFT calculations and was shown to be in the space group P6122 (or P6522) with

lattice parameters a = 6.240(3) Å and b = 6.065(2) Å. However, the nitrogen

sX dissociation pathway still needs more attention; it was found that the NH-V

hydrate - upon heating under pressure - undergoes transformations according to

Ostwald’s step rule.

NH-V −→ NH-II −→ NH-VI −→ NH-I
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First, at 160 K, NH-II (sH) is formed; this nitrogen clathrate has been observed

before, albeit at pressures above 0.85 GPa. NH-II then, at 205 K, transforms

into a new - so far unobserved structure. The name NH-VI for this structure was

proposed. It was possible to index the diffraction pattern with the sIII structure

so far only observed in Br2 hydrate [300]. A Rietveld refinement (with the atom

positions fixed) also matched the respective peak intensities with the recorded

pattern. However, this result should not be over-interpreted as the diffraction

pattern itself was of a meager quality and sIII has the largest of all unit cells

for hydrates. A further study could shed light on the exact filling ratios during

the decomposition as well as on the structure of NH-VI. For this, an X-ray study

might prove more useful than a neutron diffraction study as it simplifies the

diffraction pattern, i.e. a simpler pattern without information of the hydrogen

positions.

Furthermore, the universality of the sX host network raises the interesting

possibility that also other guest-molecules could be found to form this structure;

so far H2, Ne, CO2, O2 and N2 have been reported. Other candidates are the

other noble gases and small clathrate formers such as CO, NOx, or SO2.

Ammonia Monohydrate and the Ternary Ammonia-Methane-Water System

Amongst the known ammonia monohydrates, two have not been characterised

from a structural point of view - ammonia monohydrate III and ammonia

monohydrate IV. In this work a possible structure based on neutron diffraction

and DFT calculations is presented.

In brief, ammonia monohydrate (AMH-I) was cryo-loaded into a PE-press, and

compressed at 170 K. Diffraction data were collected at 170 K after compression

to 3-5 GPa; no pressure marker was used to avoid any parasitic peaks in the

collected pattern and hence, the exact pressure is not known.

The initial indexing of the broad diffraction peaks led to the large number

of 108 possible unit cells were indexed (for unit cell volumes up to 400 Å3).

LeBail-intensity extractions and Monte-Carlo Simulated-Annealing (MCSA) for

the respective cell resulted in 6 possible structure candidates that fitted the data

adequately. The MCSA procedure used rigid bodies of NH3 and H2O and the

obtained structures were further refined using the Rietveld method.
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Of the structures, the most plausible one was found in the P21/c space group

and has the lattice parameters a = 5.487(3) Å, b = 19.068(4) Å, c =

5.989(3) Å, and β = 99.537(16)o. As the data quality was too meager for a

definitive structure solution, additionally DFT calculations were performed and

the structure presented here, was stable against geometry optimisation; to further

verify that the structure is plausible, phonon calculations were carried out at the

Γ-point, and resulted in real phonon frequencies only. However, the structure

revealed a high formation enthalpy relative to other ammonia monohydrate

phases which could indicate its metastability or a wrong unit cell.

To address the concerns of a possibly wrong structure, an X-ray diffraction

study would prove helpful. A diffraction pattern with less information, i.e.

without any information of the hydrogen positions, would simplify the search

for a suitable unit cell. Furthermore, a structure based on X-ray data is not

affected by any hydrogen-disorder. Such an X-ray study should also include a

further investigation of the phase diagram of ammonia monohydrate. To that

end, a 1:1 stochiometric mixture of water and ammonia should be compressed at

220-230 K from < 1 GPa to 5 GPa. This path takes the sample from the melt via

AMH-III into the stability region of AMH-IV. Three results could be obtained

from this experiment; first, an X-ray diffraction pattern of AMH-IV would shed

light on the validity of the above presented results; second, the exact transition

of AMH-III to AMH-IV could be studied; third, a diffraction pattern of AMH-

III could be obtained with the goal to reveal the structure of this polymorph of

ammonia monohydrate as well.

The Exreme Conditions Beamline (ECB, P02.2) at the Deutsches Elektronen-

Synchrotron (DESY) would be suitable for this study, and a proposal for the

outlined experiment is currently in preparation.

While most research is carried out on binary mixtures of water-ammonia and

water-methane, in the outer planets, usually a ternary mixture is present. Hence,

a study on the ternary mixture of ammonia, water, and methane was carried out

and presented here. The aim was to measure the melting curve of the ternary and

to verify or falsify the claimed increase of the melting temperature of methane

hydrate in the presence of ammonia [62] and second, to look for evidence of

incorporation of ammonia into the hydrate lattice.
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In brief, a 1:1 mixture of ammonia hemihydrate (AHH) and methane hydrate I

(MH-I) was cryo-loaded into a PE-press (together with a Pb pressure marker).

The sample was pressurised in steps to 1.6 GPa; after every pressure step the

sample was heated to the melt and then allowed to re-crystallise. No evidence of

an increase in the melting behaviour of MH-II in the presence of ammonia was

found, however, four novel reflections in the diffraction pattern were observed

after recrystallising the sample at 1.6 GPa. These peaks do not fit any of the

known crystal structures of the ammonia hydrates or the methane hydrates.

This evidence gives credence to the existence of a ternary crystal structure in

the ammonia-methane-water system at elevated pressures. The exact structure

could not be determined, however, two possible explanations are the incorporation

of ammonia into the water network of methane hydrate or the formation of

a completely new crystal structure. As a starting point, a Raman study of

the hydrogenous and deuterated ternary in the pressure range up to 10 GPa is

currently planned. While this might help to determine any possible deuteration

effects and add more data points to the melting curve only diffraction experiments

will be able to explain the four observed peaks. Thus, a combined X-ray and

neutron diffraction study to investigate the appearance of the new peaks should

be carried out in the future.

Carbonic Acid Monohydrate

In the last chapter of this work an attempt was made to synthesise carbonic acid

monohydrate and study its crystal structure and in particular to measure the

positions of hydrogen (deuterium) atoms in the crystal structure; while a structure

for (hydrogenous) carbonic acid monohydrate has been published based on X-ray

diffraction by Abramson et al. in 2008 [302], this publication lacks measured

hydrogen positions due to the inherent nature of X-ray diffraction.

In a first attempt, it was possible to reproduce Abramson et al.’s measurements

successfully in a diamond anvil cell using a deuterated sample. However, a similar

experiment in a Paris-Edinburgh Press - with the aim to obtain a diffraction

pattern - remained unsuccessful. Diffraction data was recorded in the published

stability region of carbonic acid monohydrate, but no reflections associated with

D2CO3·D2O could be identified.
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An investigating why D2CO3·D2O did not form in the PE-press led to the con-

clusion that the gasket material most likely reacted with the sample according to

2 D2CO3 + Ti→ Ti(CO3)2 + 2 D2 and/or

2 D2CO3 + Zr→ Zr(CO3)2 + 2 D2.

As it was not possible to obtain a diffraction pattern of D2CO3·D2O, and hence

to obtain the hydrogen/deuterium positions in its crystal structure, further

experiments are necessary in the future. To avoid a reaction with the gasket

material, they should be carried out in a large-volume DAC suitable for neutron

diffraction using a rhenium gasket.

A Final Remark

Once again I would like to thank my supervisors, Dr John Loveday and Dr

Malcolm Guthrie, and all my collaborators and colleagues for their support.

Thank you!
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-128, 1850.

[49] M. Guthrie, R. Boehler, C. A. Tulk, J. J. Molaison, A. M. dos Santos, K. Li,
and R. J. Hemley. Neutron diffraction observations of interstitial protons
in dense ice. PNAS, 110(26):10552–10556, 2013.

[50] W. G. Thomason. The ISIS Spallation Neutron and Muon Source —
The first thirty-three years. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 917:61–67, 2019.

[51] ISIS neutron scattering facility. High pressure gas cells,
www.isis.stfc.ac.uk/Pages/How-ISIS-works–in-depth.aspx, 2020.

174



[52] Rutherford Appelton Laboratories. How ISIS works,
www.isis.stfc.ac.uk/Pages/How-ISIS-works–in-depth.aspx, 2018.

[53] Dan Amos. High Pressure Hydrates of CO2 & Materials for Carbon
Storage. PhD thesis, School for Physics and Astronomy, The University
of Edinburgh, Edinburgh, July 2015.

[54] H. Mao, J. Xu, and P. M. Bell. Calibration of the ruby pressure gauge to 800
kbar under quasi-hydrostatic conditions. Journal of Geophysical Research,
91(B5):4673, 1986.

[55] W. F. Kuhs, J. L. Finney, C. Vettier, and D. V. Bliss. Structure and
hydrogen ordering in ices VI , VII , and VIII by neutron powder diffraction.
Journal of Chemical Physics, 3612(81):3612–3623, 1984.

[56] A. D. Fortes, I. G. Wood, L. Vočadlo, K. S. Knight, W. G. Marshall,
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ABSTRACT
Quantitative single crystal neutron-diffraction in diamond anvil cells
has so far been limited by the neutron flux available at the various
neutron sources. As a result, highly precise measurements of the
exact position of light elements have not been possible
preventing, for example, structural studies of hydrogen and
hydrogen bonds under pressure. Here we report experiments
carried out on SNAP at the Spallation Neutron Source (ORNL, TN,
USA) to explore the possibility and current limits of such studies.
Furthermore, we benchmarked the obtained data quality with
reference experiments carried out on TOPAZ, a dedicated single-
crystal instrument.

We show that measuring single-crystal diffraction intensities on
SNAP is possible to such a precision that we are able to resolve
the hydrogen bonds in potassium dideuterium phosphate (DKDP)
as well as in ice VI.
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1. Introduction

The crystal structures of many important simple-molecular systems - such as hydrogen/
deuterium, ammonia, methane, ice - are surprisingly poorly understood under high
pressure. For example, solid, compressed hydrogen is the most abundant substance in
our solar system, yet not even the H-H bondlength was directly measured at any elevated
pressure and the space group of the high-pressure phases remain unknown [1]. Similarly,
ice, ammonia, methane, and their binary and ternary mixtures exhibit a wealth of phases
and phenomena such as H-bond centring and superionicity [2,3], all materials which are
poorly characterised from a structural point of view.

Accurate structural information on these systems is vital to solve a wide range of scien-
tific problems. The outer solar system is dominated by hydrogen and hydrogen-rich
materials and knowledge of their high-pressure structures is vital to develop models of
phenomena such as the existence and strength of magnetic dynamos, the internal struc-
ture of gas-giants & moons, and even to the evolution and composition of atmospheres
[4–10]. The long-standing problem of the formation of metallic hydrogen is an important
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model for the behaviour of solids when quantum effects become significant [11–14]. The
behaviour of protons in H-bonded systems like ice are proxys for more complex biological
systems (see for example [15]). Finally, the recent discovery of high temperature supercon-
ductivity in hydrogen-rich systems like hydrogen sulphide and lanthanum super-hydride
provides further need for accurate structural information at high pressure. The supercon-
ductivity is believed to be driven by the high polarisability of the hydrogen atoms, which
leads to strong electron-phonon coupling with high coupling frequencies [16–19].
However, to date, no full structure (including hydrogen positions) of a hydrogen-rich
high-temperature superconductor has been determined.

The small scattering cross-section of hydrogen for X-rays makes neutron diffraction the
only reliable method to exactly measure the proton (or deuteron) positions in a crystal
structure. Such measurements were the first to verify the model of hydrogen bonds pro-
posed by Pauling [20] and by Wollan et al. [21] and revealed the familiar bent shape of the
water molecule in ice Ih [21]. However, until the advent of bright spallation sources, the
measurement of neutron powder patterns of sufficient quality for structural refinement
has been limited in pressure to 25 GPa due to the large sample volumes required. Some
classic examples of large volume devices used at neutron facilities around the world
include gas pressure cells (Pmax � 0.7 GPa), clamp cells (Pmax � 2 GPa), and the Paris-Edin-
burgh presses (Pmax � 30 GPa) (cf. [22,23]).

Recent developments in diamond synthesis have paved the way for larger diamonds
and with this large-volume diamond anvil cells (DAC) [24–26]. Combined with extremely
bright neutron sources, available at the Spallation Neutron Source (SNS) a facility
located in the Oak Ridge National Laboratory, neutron diffraction at a pressure up to 90
GPa has been demonstrated [24,27]. These DACs so far, have mainly been used for
powder diffraction and, as such, information obtained from data has its limits. For many
crystallographic studies, information from single-crystal techniques are vital in that they
provide a much higher (real-space) resolution by enabling access to short d-spacing
Bragg reflections that would heavily overlap in a powder study. At pressures >50 GPa
powder methods, for example, give the same agreement indices for a 1-site and 2-site
model of a hydrogen bond in high-pressure ice (cf. [27]) making it impossible to identify
the better model. Of equal importance, single-crystal methods avoid the need to deuterate
samples. The concentrated signal from sharp single-crystal Bragg spots remains visible on
top of the incoherent scattering originating from protium 1H that would overwhelm dis-
tributed powder intensities.

Use of DACs for high-pressure single-crystal neutron diffraction (HP-SCND) therefore
paves the way for studies of hydrogen-rich systems to pressures currently inaccessible
and with unprecedented structural detail.However, quantitative single-crystal neutron
diffraction (SCND) studies under high pressure in DACs remain challenging, albeit sucess-
ful attempts that have been made. Binns et al. [28] published a set of experiments at
ANSTO’s KOALA, a neutron Laue diffractometer, using a Merrill-Basset-type diamond cell
with conical Boehler anvils (⌀culet = 1mm). It demonstrated sufficient data quality for
refinement on crystals of typical sizes for X-ray diffraction in a DAC. Furthermore, at
Heinz Maier-Leibnitz Zentrum (MLZ)’s four- circle diffractometer HEiDi, monochromatic
neutron diffraction was performed in a panoramic DAC with conical Boehler anvils and
achieved high-quality data under compression to 1 GPa. Another successful test of the
cell/anvil setup with 1.5 mm culets reached 7 GPa [29]. These studies are mainly aiming
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for magnetic materials and large unit cells, but do not report a high enough diffraction
resolution in the high-Q range to investigate H-bonds.

The goal of this study is to benchmark SNAP, a high-pressure time-of-flight diffract-
ometer at the SNS for the quantitative structure analysis of single crystals containing
hydrogen or other light elements in a DAC. As a reference, a similar set of experiment
was carried out on TOPAZ, a dedicated single-crystal instrument also at the SNS. We
will present a set of trial experiments to investigate the relationship between sample
volume and data quality. These properties are inversely related to one another yet, una-
voidably, the former is strictly limited in high-pressure studies. The systematic study of
the crystallographic limitations of progressively smaller sample volumes is a critical first
step in deployment routine quantitative single crystal structure refinement in a DAC.

Furthermore, we will show the influence of the complex sample environment consist-
ing of diamonds and gasket on the data quality. To that end, we examined structural
refinements of the deuterated ferroelectric potassium di-hydrogen phosphate (KD2PO4,
DKDP), as a test case. DKDP is a classic example of a short hydrogen-bonded system,
which has already been heavily studied with neutron diffraction – its structural properties
are therefore well known up to modest pressures of about 2 GPa [30]. Finally, we will test
our data reduction procedure and all necessary corrections against a ice VI single-crystal
grown in-situ under pressure in a diamond anvil cell.

2. Material and methods

DKDP (KD2PO4), is a tetragonal body-centred crystal (space group I�42d; N◦ 122), with lattice
parameters at ambient pressure and temperature of a = 7.469(1) Å and b = 6.976(1) Å
(unit-cell volume 387.29 Å3). A unit-cell contains four hydrogen-bonded formula units of
KD2PO4, with all the hydrogen bonds lying in the ab-plane [30]. The samplewas synthesised
at SNS by dissolving KDP (potassium dihydrogen-phasphate, KH2PO4) in D2O and recrystal-
lising out of solution. This procedurewas repeated three times and two sample crystalswere
cut from the deuterated crystal. The larger of the two had a volume of 1.028 mm3, and the
small one had a volume of 0.028 mm3 (disc-shaped; ⌀ = 0.6mm, h = 0.1 mm). The latter
volume was chosen because it matches the typical size and geometry of a sample
chamber in diamond anvil cells for neutron diffraction [25].

Experiments were carried out at two SNS instruments: TOPAZ, the dedicated single-
crystal instrument and SNAP, the high-pressure beam line. TOPAZ is a high-resolution
single-crystal diffractometer using the time-of-flight Laue technique with an array of
neutron area detectors distributed spherically about the sample. The resulting angular
coverage combined with a wide neutron wavelength band of 3.1 Å is well suited for
efficient 3D-mapping of Bragg scattering in reciprocal space in the Q-range 0.45–25.00
Å−1. As such, TOPAZ is well suited to determine atomic positions and displacement par-
ameters of light elements, such as hydrogen. The high real-space resolution down to
0.25 Å, allows for precise measurements of atom-distances in H-bonds. Due to disorder
both the paraelectric phase of DKDP and ice VI have average structures where the equiv-
alent O-H··· O and the O··· H-O positions are occupied equally, resulting in a 50% occupancy
on both sites, separated by a distance of less than 0.5 Å[21,31]. A high real-space resolution
is critical to resolve such a small displacement. Currently, TOPAZ has 24 of 48 detector
ports populated with Anger camera modules covering about 3.0 sr in solid angle.
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TOPAZ uses a 18m long bent focussing guide which focusses the beam to 2.0–4.0 mm.
The high-precision goniometer is fixed to X = 135◦ and samples can be freely rotated
about two axis, Φ and Ω (see Figure 1) [32].

The Spallation Neutrons and Pressure (SNAP) instrument is a high-flux diffractometer
primarily used for powder diffraction [33]. SNAP uses area detectors of the same type as
TOPAZ arranged in two 3× 3 detector banks which allow for a Q-coverage of Q = 0.7
−24.0 Åin the equatorial plane, depending on the detector positions (horizontal and ver-
tical coverage:+22.5◦). Compared to the neutron optics used on TOPAZ, the beam-focus-
ing optics on SNAP are significantly shorter (guide length: 2.4 m; source-to-sample
distance: 15 m), allowing for a high neutron flux at the expense of a higher divergence
and complex beam profile. The instrument is hence well suited to deal with various
complex sample environments for high-pressure studies. SNAP’s capabilities for a full
structural refinement of SCND data have so far not been tested.

aSNS is operating at about 1.33 MW. The accumulated proton charge for the conducted
experiments lay between 8.9 · 1012 and 1.4 · 1013. All data were normalised to the moni-
tored proton current during the respective experiment.

Patterns of the bare crystals mounted on a Kapton-pin were collected for about 3 h per
orientation both on SNAP and on TOPAZ. From this initial measurement on TOPAZ we
were able to refine the deuteration ratio of the DKDP to be . 94%. This compares well
with that determined from the c/a ratio which is strongly dependent on the deuteration
ratio [30,31].

Subsequently, the small crystal was placed in a DAC (SNAP) and a mock-DAC (TOPAZ).
The mock-DAC was used because the sample stage on TOPAZ cannot support the weight
of a real DAC. The DAC comprises a cell body made from hardened steel or beryllium-
copper that drives two opposing diamonds together against the sample, which is con-
tained by a metal gasket (for the detailed design see [25,26,34]). The mock-DAC had the
same basic parts but held together by a much lighter aluminium scaffolding instead of
the heavy cell body. In both cases a circular, incident-beam collimator of 3 mm in diameter
was chosen. The same collimator size was used to collect a Vanadium spectrum, a standard

Figure 1. Left: Coordinate system on TOPAZ and SNAP. The beam direction is along the z-axis. The
angle θ shown on between z and r is the scattering angle (twice the Bragg angle). The angles θ
and Ψ give the direction of the diffracted beam. Right: The goniometer angles X, Φ, and Ω. On
TOPAZ X is fixed to 135◦; on SNAP X and Φ are fixed to 0◦.
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sample for the beam-profile calibration (see for example [33]). We then collected patterns
of the crystal in the mock-DAC on TOPAZ for ten orientations (3× 10 h and 7× 6 h). Simi-
larly, six orientations on SNAP were recorded (the sample rotation on SNAP is limited to a
single vertical axis whereas TOPAZ has a two-axis orienter ). The primary beam entered the
cell through the gasket (see schematic sketch in Figure 4). On SNAP data collection was
limited to only 3 h collections per orientation.

In order to asses the methods developed here for SCND in a real DAC, a single-crystal of
ice VI of a similar size as the small DKDP crystal was grown in a diamond anvil cell by
repeatedly melting and re-crystalising a powder of ice VI in an ammonia-water pressure
medium (Sigma-Aldrich,ND4OD-D2O, 25%, >99.99% deut.).

The data reduction was carried out using the MANTID data analysis and visualisation
package [35]. All crystallographic refinements were carried out using EXPGUI [36], the
graphical user interface for the GSAS-I software suite [37].

3. Results and discussion

3.1. Crystal size: effects on data quality

As a first step, we investigated the volume restrictions and the influence of the sample
environment on the data quality using an instrument fully bench-marked for quantitative
single crystal diffraction. To that end we measured the small, DAC-sized crystal on TOPAZ,
the dedicated single crystal instrument at SNS. This marks the smallest crystal measured
on this instrument to date. As mentioned above, ten orientations of the crystal were
measured for 3 h each; each orientation contributed about 100 reflections to the overall
data set of 1044 reflections, after outliers had been removed as per standard procedure.

The structural refinement of the data set obtained from this experiment yielded values
consistent with those reported in the literature, as obtained by Tibballs and Nelmes [30].
The respective structural information is given in Table 4 (cf. appendix). This data set was
used as a baseline for all subsequent measurements. In general, the deviation of the struc-
tural parameters from the literature values is very small and might be a feature introduced
by a slightly different deuteration ratio of our sample compared to that of Tibballs et al. As
mentioned above, the ratio of KDP (a = 7.4521(4), c = 6.974(2), a/c = 0.936) to DKDP
(a = 7.469(1), c = 6.976(1), a/c = 0.934) has a large influence on the lattice parameter
a=b; KDP expands more in the ab-plane than along the c-axis when deuterated. This behav-
iour is due to all the H-bonds being arranged in this plane. However, the obtained structural
parameters are afflictedwith larger errors of about oneorder ofmagnitudehigher compared
to the results published by Tibballs et al. Note that this is a direct result of the small sample
volume, with the low intensites (high-Q) having a greater statistical uncertainty.

In general, our measurements are accurate but not as precise as the literature values.
Still, these results show that even in a DAC-sized crystal it is possible to resolve the
exact hydrogen/deuteron positions accurately on a well-calibrated neutron diffractometer.

3.2. Effect of the DAC on data quality

Subsequently, the crystal was placed in the mock-DAC and patterns were recorded.
Because of the contributions of the single-crystal diamond peaks, and the powder lines
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of the steel gasket, an increased background, and an increased signal-to-noise ratio, data-
reduction routines that are well established on TOPAZ failed here. In the following, pro-
blems encountered and approximations used for the data reduction and analysis are
discussed.

3.2.1. Increased background
While light elements (e.g. C, N, O, F, Ne) cause mainly the emission of an alpha or beta radi-
ation, heavier elements (e.g. Fe and Re) produce high enough gamma radiation if exposed
to a neutron beam [38]. The Anger cameras as used on SNAP and TOPAZ detect neutrons
but are also sensitive to gamma rays. Since steel, beryllium-copper, or rhenium gaskets are
most commonly used in DACs, the background is significantly increased if the primary
beam hits the gasket.

While it is possible to minimise the gamma ray emission if the primary beam enters the
cell through the one of the diamonds, this geometry limits the accessible orientations of
the single-crystal for existing cell geometries. Far more orientations can be measured if the
primary beam enters the cell through the gasket, inevitably resulting in a significant back-
ground increase.

For SNAP, the diffraction patterns for the empty instrument (black), the sample on a
vanadium pin (blue), and the fully-assembled DAC are given in Figure 2(a). All plots are
normalised to the proton-current and corrected for instrumental effect by normalising
to a measurement of a vanadium standard. The green curve shows the background in
which the primary beam enters the cell through the diamonds only, while the red curve
is the background for the case in which the primary beam enters the cell through the
gasket. Note, that the background level for the high-Q data are of a similar magnitude
in both cases; the background increases significantly in the high-Q regime if the gasket
is in the primary beam path. For most elements, the absorption cross section sa is inversely
proportional to the wave vector k = 2p

l . This leads to more neutrons being absorbed at
higher wavelengths and hence more gamma rays being emitted [39]. In Figure 2(b) the
same data are shown for an experiment on TOPAZ and, similar to the experiments
carried out on SNAP, an increased background is observed. (The four red curves show
the variation of the background levels for four cell orientations.) However, the background
does not increase at low-Q to the same extent as on SNAP.

A background reduction could likely be achieved by a reduction of the beam diameter
from 3mm to the actual dimensions of the sample chamber, however, rather high-pre-
cision alignment would be required to ensure the sample is fully bathed by the beam.

It should also be noted that He-based tubes are not expected to suffer from the same
issue. Evaluation of this is in progress at SNS’s CORELLI beamline, but is outside the scope
of this paper.

3.2.2. Gasket contamination
Gaskets for these experiments consist of poly-crystalline steel and add a parasitic signal to
the data. Unlike the parasitic Bragg signal from the single crystal diamond - which is well
defined in 3D-reciprocal space - powder lines emanating from the metal gasket pollute
entire d-spacing ranges on the detector. In Figure 3(a), a sample reflection on top of a
powder line is shown. Technically, it should be possible to fit the powder-line and subtract
the powder-line from the peak. Such an algorithm has not yet been written for MANTID;
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Here, we hence excluded all sample reflections overlapping with the d-spacing range of
gasket-lines. This approximately halved the accessible Q-range for this experiment.

3.2.3. Signal-to-noise ratio
While it is not possible to reduce the background with a longer collection time, the signal-
to-noise ratio improves with time. As a threshold for the peak integration we chose
I/s = 3. For the measurement of one orientation, the number of integrable reflections
above the s/n ratio doubled with time - after 3, 6, and 8 h the number of integrable reflec-
tions were 5–10, 20–30, and >45, respectively.

3.2.4. Attenuation correction
The sample volume of the DAC-sized crystal was about 0.028 mm3. In comparison, a metal
gasket of a diameter 6.0 mm and a height of 0.5 mm has a volume of 14.137 mm3 - about
500 times larger. Even if the neutron beam does not illuminate the whole gasket, its illu-
minated volume exceeds the sample volume. For the attenuation correction, only the con-
tributions of the steel gasket were taken into consideration. A spherical model was used
with the radius of the attenuation sphere chosen to be 1.5 mm - the radius of the beam
used for this experiment - and consisted of Fe, Cr and Ni in their respective abundance.
(Stainless steel as used for this experiment is an alloy composing of roughly 70% Fe,
20% Cr, and 10% Ni. The other elements in stainless steel such as Mg, Si, P and C were
omitted in this model for their abundance is usually less than 2% and the attenuation
of these elements is low).

Furthermore, we tried to improve the attenuation model using an analytical beam-
tracing approach; To that end, a 3-dimensional model of a diamond anvil cell was

Figure 2. Comparison of background levels on SNAP (a) and TOPAZ (b) for the empty instrument
(black), the sample on a vanadium pin (blue), and the full assembled DAC. SNAP: the green curve
shows the background in which the primary beam enters the cell through the diamonds only, while
the red curve is the background for the case in which the primary beam enters the cell through the
gasket. TOPAZ: The four red curves give the background on TOPAZ for various orientations of the
cell. All plots are normalised to the proton-current and vanadium-corrected.
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created in Python (cf. inset in the left panel of Figure 4). This model has the same frame of
reference as the TOPAZ instrument and is freely rotatable in 3D about Φ, χ and Ω (cf.
TOPAZ specification sheet [32]). Instead of a diamond with a pavilion-angle of 49◦ (as in
a real DAC), we modelled the diamond as a cylinder with the same radius as the culet.
This simplification can be justified by two reasons. Firstly, as can be seen in Figure 4(b)
the overall path-length through the diamond is small compared to the path-length
through the gasket. And secondly, the scattering cross-sections of carbon (ss = 5.551

Figure 3. (a) The 31�2 single crystal peak of DKDP on top of a powder line caused by the metal gasket of
a DAC. The blue curve being gives an exponential fit to the powder line and the insert shows the single
crystal peak after the subtraction of the powder line. (b) Integration over the whole detector area after
masking all single crystal peaks. The resulting powder lines are caused by the metal gasket (shaded d-
spacing regimes); those regions were excluded during the data reduction.

Figure 4. (a) Transmission of a steel gasket for the geometry F = −15◦, X = 135◦ and V = 0◦. The
model of a DAC used for this experiment is shown in the inset. For the beam, four cases for the path can
be distinguished: (I) diamond-only, (II) diamond-gasket, (III) gasket-diamond-gasket, and (IV) gasket-
only. (b) The respective path lengths through diamond and gasket.
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barns, sa = 0.004 barns) relative to those of iron (ss = 11.62 barns, sa = 2.56 barns),
chromium (ss = 3.49 barns, sa = 3.05 barns), and nickle (ss = 18.50 barns, sa = 4.49
barns) results in a smaller contribution of diamond to the total attenuation [39].

The total beam-path Di = dini + douti was calculated, with din and dout being the path
lengths through the respective materials to the centre of the sample chamber and from
the centre out of the cell, respectively. The un-attenuated intensities, I0, can then be cal-
culated according to Beer’s law from the observed intensities, Iobs as

Iobs = I0 ·
∏n
i=1

exp −riDis
s
i − riDis

a,‡
i ·mneutl

h
· 2200m

s

( )
. (1)

In this equation ri are the atom densities in atoms/m3, Di are the path-lengths, ss
i are the

scattering cross-section and sa,‡
i are the absorption cross-section at 1.798 Å(v = 2200m/s);

see [39,40]. For most nuclides, the scattering lengths and cross-sections are independent
of the incident neutron wave vector in the thermal neutron region, while the absorption
cross-sections are inversely proportional to v, the velocity of the neutron [39,41].

Thecalculated transmissionas a functionof theangleα (theangleof abeamrelative to the
gasket plane) for the geometryF = −15◦, X = 135◦ andV = 0◦ is given in Figure 4. It can
be seen that the intensities of the reflected beam in this case vary by about 3%, with beams
that are in plane with the gasket being attenuated strongest. This model, although more
accurate than the spherical model, did not improve the Rw for the refinements significantly.

An attempt to refine anisotropic thermal parameters was made but proved unstable
because the number of observed reflections was insufficient.

In a TOF neutron diffraction experiment, where the incident neutron beam travels
through a single-crystalline diamond, neutrons with certain wavelengths will fulfil the
Bragg condition and and hence be scattered. This can be seen in the transmission spec-
trum by ‘diamond dips’, which further decreases the intensity of incident neutrons
around certain wavelengths [42]. Loveday et al. [43] showed that this effect is negligible
at low pressures but becomes much more pronounced with pressure. Since experiments
in this work were a) carried out in a way that the primary beam enters the cell through the
gasket and b) were not carried out at high enough pressures, this effect was ignored in this
work. At higher pressures and other geometries, an additional correction for ‘diamond
dips’ also has to be applied.

3.2.5. Extinction correction
For the extinction correction a first-order Lorenzian model from GSAS-I was used. A better
result for the bare crystal was obtained using the extinction models by Becker and
Coppens [44] as employed by the JANA software package, but was not used here since
all other error sources for this experiment outweighed the error due to extinction.

3.2.6. Integration and refinements
Several routines for the integration of the Bragg reflections obtained from the experiment
were investigated. In figures 5 and 6, the plots show the calculated vs the observed struc-
ture factors, Fcalc and Fobs, respectively, for the investigated integration and data-reduction
routines. In an ideal case, Fcalc from the structural model and Fobs obtained from the exper-
iment will agree within the statistical error of the measurement, Fcalc = Fobs, indicated by
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the broken grey line. The insets in the respective plots show the relative difference
between Fobs and Fcalc (|Fobs − Fcalc|/Fobs) as a function of Fobs.

First, the integrations were carried out using the standard TOPAZ algorithm (DACa),
which automatically predicts peaks, finds an orientation matrix (UB-matrix, see [45]),
and integrates the respective peaks. This automated algorithm failed here, as can be
seen by strong scattered structure factors in Figure 5 (a). It is not surprising, that small
structure factors (usually high-Q structure factors) fit particularly poorly. This refinement
gave an overall Rw of 0.201, with Rw being the residual factor (R-factor)

Rw =
∑ ‖Fobs| − |Fcalc||∑ |Fobs| . (2)

With a refined UB-matrix for every orientation (DACUB), Rw was reduced to 0.145,
suggesting still a bad fit of the model to the data. Hence we picked the peaks manually

Figure 5. Observed versus calculated structure-factors for: (a) using the standard TOPAZ algorithm
(DACa), (b) a refined UB for every orientation (DACUB), and (c) a selected subset of peaks (DACs). The
insets give the relative difference between observed and calculated structure-factors as
|Fobs − Fcalc|/Fobs as a function of Fobs.
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in order to ensure that the Bragg reflections actually used for the refinement were not
overlapped by a powder line or close to a detector edge, and had a sufficient s/n-ratio
for the integration. Using this subset of peaks (DACS), we obtained an Rw of 0.117, a
much better result than for the other routines. The Fobs vs Fcalc plots for the DACUB and
DACS routine are depicted in Figure 5(b,c), respectively. The integration discussed above
were carried out using the IntegrateEllipsoids MANTID-algorithm (see MANTID documentation
and [46]).

The same data sets as used in DACUB and DACS were then re-integrated using the Inte-
gratePeaksProfileFitting algorithm (DACUB,P and DACS,P , respecively). This algorithm uses
two Gaussians to fit a peak in Q-space, an actual fitting technique. Compared to the Inte-
grateEllipsoids algorithm, the intensities and sigmas of the fitted peaks are in a better
agreement with the data, particularly for weak reflections close to the s/n threshold
(see MANTID documentation and [46]). The best fit of the data to the model was obtained
using this method (cf. Figure 6) with Rw of 0.110 and 0.087, respectively.

The respective results for all the refinements are given in Table 4 in the appendix. Fur-
thermore, all structural parameters are within 1σ of the data obtained from the bare crystal
and hence comparable. Note that the data set integrated using the IntegratePeaksProfile-
Fitting is not only more accurate than the data from the other routines, it also is 2-3 times
more precise. Full structural refinements from single-crystal data in DACs are therefore
possible on well-calibrated diffractometers with Anger cameras.

3.3. Is quantitative structure refinement of hydrogen-rich systems in a DAC on
SNAP feasible?

SNAP has a much higher flux than TOPAZ, a feature that is needed for high-pressure exper-
iments. However, fully quantitative SXL work on systems containing light elements has not

Figure 6. Observed vs Calculated Structure factors for (d) a refined UB for every orientation (DACUB,P),
and (e) a selected subset of peaks (DACS,P). The integrations were carried out using the IntegratePeak-
sProfileFitting algorithm. The insets give the relative difference between observed and calculated struc-
tur facors as |Fobs − Fcalc|/Fobs as a function of Fobs.
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been explored yet - hence its capabilities for single-crystal diffraction had to be tested. To
that end, a single crystal of about 1 mm3 was placed on a vanadium pin and and diffraction
patterns of ten orientations, each measured for 3 h, were collected. Compared to TOPAZ,
the detector coverage is more limited and the sample stage deployed for this experiment
allowed for rotations about the vertical omega axis only. These limitations significantly
reduce the accessible reflections in comparison to TOPAZ. We were able to utilise
TOPAZ data-reduction procedures for SNAP.

The results of the refinements for the data collected are given in Table 5 (cf. Table 5
appendix). A total of 1027 reflections were observed and an Rw of 0.067 was obtained.
All structural parameters are within 1σ of the reference measurement carried out on
TOPAZ (see section 3.1). Note that the lattice parameters in the DAC experiment deviates
from the lattice parameter obtained from the bare crystal. This deviation stems from the
limited rotation geometry which leads to an under-representation of reflections along the
c-axis, and from a broad profile of the sample reflections in this experiment which intro-
duced an error in the calculation of the orientation matrix. While the former is an intrinsic
problem of the instrument, the latter was caused by a beam-guide with a suboptimal cur-
vature. The accuracy of the determined lattice parameters greatly improved after an
upgrade of the guide in 2018 (see lattice parameters for ice VI in section 3.4. which
were determined after the guide-upgrade).

The same experiment as detailed above for TOPAZ was repeated with a DAC-sized
crystal and similar results for the refinement were obtained (cf. Table 5). A total of 279
reflections were observed and an Rw of 0.090 obtained. Even though the number of
observed reflections dropped by a factor of 4, the structural parameters remained well
within 1σ of the larger crystal and within 1-2σ of the reference measurement on TOPAZ.
Please note that the error-bars only tripled by reducing the volume by a factor of 35
from 1.028 mm3 to 0.028 mm3.

These results show that SNAP as it is setup presents some limitations but in principle
similar data quality as on TOPAZ can be achieved and as such can yield accurate structural
data.

Finally, the smaller crystal was placed in a real neutron DAC and measured as well. The
set-up allows for rotation about ω only with the primary beam entering the cell through
the gasket. The DAC was rotated about ω to six orientations and patterns were collected
for 3 h each. Despite the short collection time, 56 Bragg peaks with an acceptable I/σ ratio
were found and integrated. The empirical 3n-rule suggests that for a (isotropic) refinement
of DKDP (4 atoms) at least 48 reflections are needed - which was achieved here.

Lattice parameters, and structural parameters of this experiment are shown in Table 5.
The fractional refinements carried out on with this small data set resulted in an overall Rw
of 0.336. The atomic coordinates obtained from this data set are still correct, but due to the
the reciprocal space coverage explored, the uncertainties are very large and in the order of
0.05-0.20. With a similar collection time as on TOPAZ (6–8 h), better results should be
possible.

3.4. Application on samples under pressure: a structural study of ice VI

In order to test our method against a sample under pressure, a single crystal of ice VI was
measured. The sample was grown under a pressure of 1.1 GPa in a DAC (⌀culet = 1.43 mm;
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steel gasket, ⌀hole = 800m, indented to 136 μm; pressure from the EOS of ice VI as given
by Bezacier et al. [47]) by repeatedly melting and re-crystallising an ice VI powder resulting
in the formation of a single-crystal. The cell containing the sample was then aligned on the
SNAP instrument and patterns for three orientations were collected (about 12h per orien-
tation). Altogether, 84 structure factors were obtained after the data reduction procedure
and outlier removal. From the UB-matrices, the lattice parameters of the single-crystal
were found to be a = b = 6.205(6) Åand c = 5.709(2) Å.

Similarly to DKDP, ice VI is a well known structure and has been studied thoroughly
[31,47–50]. Ice VI shows a tetragonal crystal system with the space group P42/nmc; its
unit cell contains 10 water molecules and has the dimensions a = 6.1845(1) Åand
c = 5.6981(1) Åat 1.26 GPa [47]. The oxygen atoms are on a 2a and 8g site, and the hydro-
gens are located on three 8g sites and one 16h site - hence, only 17 parameters are needed
for a structural refinement with isotropic atomic displacement parameters.

A preliminary refinement for the 17 parameters in an ice VI crystal resulted in an overall
weighted R-factor of Rw = 0.1302; constraining the isotropic atomic displacement par-
ameters for the two atoms dropped the Rw further to 0.1109. (Similar to the DKDP a refine-
ment with anisotropic thermal parameters was attempted but gave no physically sensible
results.)

The structural parameters for ice VI as given by Kuhs et al. [31] and the values for this
refinement are shown in Table 1.

Table 1. Comparison of structural parameters of ice VI as reported by Kuhs et al. [31] (top) and this
study (bottom).

x y z Occ. Uiso

O1 (2a) 0.7500(00) 0.2500(00) 0.7500(00) 1 0.0299(49)
O2 (8g) 0.7500(00) 0.5295(43) 0.1339(38) 1 –
D1 (8g) 0.7500(00) 0.4628(92) −0.0131(86) 0.5 0.0380(51)
D2 (8g) 0.7500(00) 0.3103(64) −0.1365(101) 0.5 –
D3 (8g) 0.7500(00) 0.6812(10) 0.1248(18) 0.5 –
D4 (16h) 0.1325(41) 0.5301(51) 0.1844(51) 0.5 –
O1 (2a) 0.7500(00) 0.2500(00) 0.7500(00) 1 0.0208(25)
O2 (8g) 0.7500(00) 0.5337(25) 0.1306(23) 1 –
D1 (8g) 0.7500(00) 0.4450(40) −0.0120(50) 0.5 0.0211(27)
D2 (8g) 0.7500(00) 0.3850(60) −0.1423(29) 0.5 –
D3 (8g) 0.7500(00) 0.6799(32) 0.1330(40) 0.5 –
D4 (16h) 0.1333(27) 0.5330(30) 0.7930(25) 0.5 –

Notes: Data were collected on SNAP.

Table 2. Summary of the refinements for the crystals and the crystal in a DAC-sample environment for
SNAP and TOPAZ, respectively.
Crystal Small Large Small DAC DAC DAC

Sample DKDP DKDP DKDP DKDP DKDP Ice VI
Instrument TOPAZ SNAP SNAP TOPAZ SNAP SNAP
Orientations 10 6 6 10 6 3
Collection time 3 h 3 h 3 h 6–8 h 3 h 12 h
Reflections 1044 1027 279 167 56 84
Rw 0.045 0.067 0.090 0.087 0.336 0.1302

Notes: The collection time per orientation is give as well as the number of reflections after outlyer removal. Only best refine-
ments are shown - for detailed information see tables 4 and 5 in appendix.
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4. Conclusion

We performed several neutron-scattering experiments on the TOPAZ and SNAP beam
lines at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL).
As a samples, we used deuterated potassium dihydrogen-phasphate (DKDP) and water
ice VI. Results of our suite of experiments on single-crystal neutron-diffraction in
diamond anvile cells promising results that are summarised in Table 2.

In a first trial experiment we showed that it is possible to obtain data of high quality
from a DAC-sized crystal. Our results are in good accordance with the crystal structure pub-
lished by Tibballs and Nelmes [30], indicating that it is feasible to reduce the sample size to
a volume smaller than that of a typical netron-DAC cavity. We repeated the experiment in
the sample environment of a diamond anvil cell. Despite the - not surprising - loss of data
quality, we were able to obtain enough structure factors to refine the structure with the
same accuracy as in the case of the bare crystal, however, the errors on the structural par-
ameters increased significantly.

In a second step, we bench-marked SNAP, an instrument primarily used for powder
diffraction, for quantitative analysis of single crystal data. We were able to show that quan-
titative single crystal diffraction on hydrogen-rich materials on SNAP is possible and that
the data is of similar quality to TOPAZ. Subsequently, we collected patterns of a DAC-sized
sample to test the volume limitations of SNAP. We were able obtain 279 structure factors -
enough to refine the structure to Rw = 0.090.

Finally, we collected patterns of a single crystal samples of DKPD and ice in a diamond
anvil cell on SNAP. Due to time restrictions, we only obtained 56 reflection from 6 orien-
tations measured for 3 h each; a similar experiment carried out on TOPAZ (10 orientations
for 6–8 h each) in comparison resulted in about 300 structure factors. Nevertheless was it
possible to refine the structure from the obtained data, however, the large errors on the
atomic coordinates suggest that a similar collection time as on TOPAZ is needed for
precise results.

The data reduction procedure was then tested against a crystal of ice VI which was grown
in a DAC. Diffraction patterns of three orientations (measured for 12h each) resulted in 84
observed structure factors - enough to carry out a refinement that reproduced the published
structure of ice VI, proving that quantitative HP-SCND on SNAP in a DAC is possible.
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Appendix

Table A1. Orientations of the DKDP crystal.
Sample DKDP DKDP DKDP
Size Small Small (DAC) Large
Diffractometer TOPAZ TOPAZ SNAP
Orientation X / deg Φ / deg Ω / deg X / deg Φ / deg Ω / deg X / deg Φ / deg Ω / deg

1 135.00 0.02 0.00 135.00 −15.00 −0.02 0.00 0.00 129.98
2 135.00 −26.70 105.95 135.00 −15.00 29.99 0.00 0.00 149.96
3 135.00 28.71 −149.95 135.00 −15.00 −30.01 0.00 0.00 169.96
4 135.00 −177.09 −174.68 135.00 20.00 −25.00 0.00 0.00 189.96
5 135.00 −51.33 10.75 135.00 20.00 25.02 0.00 0.00 209.95
6 135.00 116.75 10.14 135.00 55.00 20.03 0.00 0.00 229.96
7 135.00 44.88 31.08 135.00 55.00 80.02 0.00 0.00 249.96
8 135.00 −130.16 14.12 135.00 55.00 43.99 0.00 0.00 269.96
9 135.00 52.44 140.49 135.00 55.00 69.01 0.00 0.00 289.96
10 135.00 14.35 100.26 135.00 40.00 47.00 0.00 0.00 299.96

Sample DKDP DKDP
Size Small Small (DAC)
Diffractometer SNAP SNAP
Orientation X / deg Φ / deg Ω / deg X / deg Φ / deg Ω / deg

1 0.00 0.00 64.97 0.00 0.00 −60.02
2 0.00 0.00 79.98 0.00 0.00 −74.98
3 0.00 0.00 94.96 0.00 0.00 −89.96
4 0.00 0.00 109.96 0.00 0.00 −104.96
5 0.00 0.00 124.96 0.00 0.00 −119.96
6 0.00 0.00 139.96 0.00 0.00 −134.96
Notes: The respective goniometer angles X, Φ, and Ω in degree are given. Note that on TOPAZ X is fixed to 135◦ , and on
SNAP X and Φ are fixed to 0◦ .
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Table A3. Sequentially deteriorating data quality with the crystal size (large about 1 mm3; small about
0.028 mm3) and the complexity of the sample environment.
Crystal KDP* DKDP* DKDP (s) DKDP (l) DKDP (s) DKDP (s)
Diffractometer TOPAZ SNAP SNAP SNAP
Sample Environment None None None None None DAC
Int. Method Auto Auto Auto DACm
Note Nelmes ’82 Nelmes ’82

Obs – – 1044 1027 279 56
Rw(Fobs) 0.022 0.055 0.045 0.067 0.090 0.336
a 7.4521(4) 7.469(1) 7.4505(12) 7.4871(7) 7.4871(7) 7.486(3)
c 6.974(2) 6.976(1) 6.9679(15) 7.0025(8) 6.9909(8) 7.002(10)
a/c 0.936 0.934 0.933 0.934 0.934 0.936
O–O 2.4944(5) 2.5286(4) 2.5322(4) 2.535(3) 2.530(8) 2.42(8)
O–P 1.5402(4) 1.54207(19) 1.53717(16) 1.5478(12) 1.544(4) 1.61(5)
O–D 1.0657(12) 1.0419(3) 1.062(8) 1.056(3) 1.066(8) 0.99(12)
D–D 0.367(3) 0.4511(4) 0.420(16) 0.430(5) 0.404(13) 0.5(3)
x(D) 0.14757(12) 0.14861(2) 0.14844(23) 0.14868(24) 0.1487(10) 0.142(14)
y(D) 0.22559(15) 0.22011(2) 0.2217(10) 0.22150(18) 0.2233(8) 0.219(15)
z(D) 0.12161(47) 0.12041(3) 0.1196(10) 0.1199(4) 0.1209(15) 0.124(20)
x(O) 0.14839(3) 0.14888(1) 0.14891(11) 0.14901(11) 0.1488(5) 0.161(4)
y(O) 0.08264(3) 0.08073(1) 0.08070(11) 0.08096(10) 0.0810(5) 0.088(5)
z(O) 0.12584(5) 0.12643(2) 0.12566(11) 0.12577(13) 0.1260(5) 0.121(8)
UISO (O) – – 0.0183(12) 0.02612(4) 0.01755(5) 0.006(10)
UISO (D) – – 0.0279(8) 0.01664(5) 0.01709(8) 0.023(33)
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Nitrogen sX Hydrate

On a New Nitrogen sX Hydrate from Ice XVII
B. Massani,1 L. J. Conway,1 A. Hermann,1, a) and J. Loveday1, b)

SUPA, School of Physics and Astronomy and Centre for Science at Extreme Conditions,
The University of Edinburgh, Edinburgh EH9 3FD, United Kingdom

(Dated: 18 April 2019)

Recently a new gas hydrate structure has been discovered. This structure, sX, is unique
in a sense that it is so far the only gas hydrate with chiral channels. It is formed by
hydrogen-water or carbon dioxide-water mixtures at pressures above 0.3 GPa and it has
been shown that it is the only clathrate hydrate that is refillable with hydrogen. This
property makes it a possible storage material for gases. By analysing neutron diffraction
data and calculations based on density-functional theory, we show that sX is also refillable
with nitrogen; the guest:host ratio will be shown to be 2.7. Furthermore we report sX’s
decomposition behaviour and give evidence that it undergoes several transitions into the
exotic hydrates sH and sIII that have not been observed at these pressure and temperature
conditions - before forming the stable nitrogen hydrate sII.

PACS numbers: Valid PACS appear here
Keywords: Gas hydrate, Neutron diffraction, DFT

I. INTRODUCTION

Water has a very complex phase diagram with at
least eighteen recorded crystal structures1–4, three
amorphous5–8 and one, possibly two, liquid phases9 -
depending on temperature and pressure. When incorpo-
rated into binary mixtures additional rich complexity is
observed. At present there are at least ten guest host
structures reported in which a small ”guest” molecule
is confined in a ”host” lattice consisting of water10–13.
Some of these are based on cages, so called clathrate
hydrates where the water network forms cage-like
structures (from kleithron, Greek: door bar). Others
are based on ice structures with the guest molecules
filling holes in a water network based on a known ice
structure12, and another, sX, is based on a network of
spiral channels13–15.

The structures are stabilised by the interplay between
hydrogen bonds and other interactions. The host
network is held together by hydrogen-bonded water
molecules, while the guest-host interaction is mainly of
a hydrophobic nature (exceptions exist16). Hence, gas
hydrates provide the means to probe van der Waals,
hydrophobic and hydrogen-bond forming interactions
and their interplay17. These forces are crucial in many
biochemical processes such as protein and DNA folding,
protein-ligand interaction, formation of the cell wall
and the overall structure of the cell18,19. Gas hydrates
provide relatively simple model systems against which to
test models of intermolecular potentials20. Furthermore,
they they also occur commonly in nature, e.g. methane
clathrate hydrate present on the ocean floor makes
up most of Earths methane reserve17,21,22. Methane

a)https://www.ph.ed.ac.uk/people/andreas-hermann; Electronic
mail: a.hermann@ed.ac.uk
b)https://www.ph.ed.ac.uk/people/john-loveday; Electronic mail:
j.loveday@ed.ac.uk

hydrate is also believed to have been the dominant
methane-containing phase in the nebula from which the
outer planets and their satellites formed (For example
Enceladus and Titan23). Finally, gas hydrates have
potential technological applications, for example, in the
transport and storage of gases, e.g. hydrogen24.

Amongst the hydrate water networks, sX, first discov-
ered as part of the C0 structure of hydrogen hydrate25,
stands out: it is chiral, has channels rather than cages,
is not based on a stable ice structure, and its network
does not have an analogue in either silica or zeolite
structures13,26. It does, however, exist in some ternary
Zintl compounds and has been suggested as a metastable
group-14 structure27–29. The structure proposed ini-
tially was based on channels that contained sites partially
occupied by non-hydrogen bonded water molecules25.
Based on the observed high mobility of hydrogen in this
structure25 and molecular-dynamics modelling, Smirnov
et al. proposed what emerged to be the correct structure:
they suggested that the water molecules in the channels
were in fact nitrogen molecules that had been absorbed
from the liquid storage medium between recovery and
the diffraction measurement30. Subsequently, del Rosso
et al. were able to empty C0 of hydrogen and to identify
the structure as a new form of ice, ice XVII3,14. Finally,
Amos et al. found that sX also exists in the carbon
dioxide:water system and determined the full structure
of both hydrogen and carbon dioxide hydrates in situ us-
ing neutron diffraction13.

Due to the high guest-host ratio, the reversibility of the
filling and emptying, and the high mobility of hydrogen in
the cavities, the sX/ice XVII system has been proposed
as a possible hydrogen storage material31,32. Other possi-
ble applications, however, have not been discussed. With
its channel structure, and high surface area, ice XVII re-
sembles activated charcoal and could therefore be used
as a low-temperature molecular sieve. Here, we show us-
ing high-pressure neutron diffraction data that ice XVII
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FIG. 1. Left: The c/a ratio and overall unit cell volume of hydrogen sX as a function of temperature (the three values at 130K
were recoreded over a period of about 7 hours). The shrinking of the overall volume indicates the removal of hydrogen from
the channels. Right: The c/a ratio and overall unit cell volume of hydrogen sX as a function of time. The increase in volume
(primarly along the c-axis) indicates the uptake and incorporation of nitrogen into the chiral channels.

can, indeed, absorb nitrogen molecules. Furthermore we
show that nitrogen sX undergoes a series of transforma-
tions into other, exotic, hydrate types before forming the
stable sII structure.

II. METHODS

We have conducted this experiment in an aluminium
gas pressure cell at the PEARL beam-line, the dedicated
high-pressure powder instrument at the ISIS neutron
source at the Rutherford Appleton Laboratory (RAL,
Oxfordshire, UK)33. This instrument has access to a
d-spacing range out to beyond 4 Å, which is necessary
to record sX’s (101) Bragg reflection at 4.1 Å. This peak
is very sensitive to the guest site occupation. The anal-
ysis of the diffraction patterns was carried out by either
Rietveld or LeBail profile refinement using the GSAS-II
crystallographic software package34.

Enthalpy calculations based on density functional
theory (DFT) were performed using the Castep code35

on sets of approximant sX structues with a range of
tractable guest-host ratios as well as fully filled nitrogen
hydrate III (NH-III). Exchange-correlation effects were
described within the generalized gradient approxima-
tion (GGA) using the Perdew-Burke-Ernzerhof (PBE)
functional36 and ultrasoft pseudopotentials as generated
‘on-the-fly’ by castep with radii cut-offs of 1.1 Bohr
for oxygen and nitrogen, and 0.6 Bohr for hydrogen.
Geometry optimisations were performed with plane
wave cut-offs of 1000 eV and a Monkhorst-Pack37

k-point spacings of no more than 2π × 0.04 Å−1. The

calculations were performed on water networks with
ordered hydrogen bonds arranged as to give a zero net
dipole. To calculate stable compounds, we compare
enthalpy values, H = U + PV where U is the internal
energy per molecule and P and V are the pressure
and molecular volume respectively. To compare with a
decomposition into the pure molecular phases, we also
perform calculations on ices XI, IX, XV, VIII and the
relevant phases of α-, γ-, and ε-N2

38.

Deuterated water (D2O)39 was frozen to produce ice Ih
and ground under liquid nitrogen to a fine powder. The
powder then was filled into a cooled hydrogen-compatible
gas cell at 77 K and pressurised with hydrogen gas to
0.3 GPa. To control the temperature in the cell during
the experiment, an ILL pattern ’Orange’ helium cryostat
was used. Upon heating to 195 K at 0.3 GPa, the H2-Ih
mixture undergoes transitions first to the C−1 hydrate at
160 K and than to C0 (H2-sX) above 180 K40,41. After
the full transformation to C0, the sample was cooled to 80
K and the pressure was released. It is well known that ice
XVII can be easily formed by pumping off the hydrogen
in sX3, however, the same can be achieved by heating
the hydrogen hydrate at ambient pressure to 130 K40. As
the hydrogen left the structure, the volume of the unit
cell started to decrease, indicating the emptying of the
channels in sX. To ensure that the starting material for
the experiment is pure ice XVII, diffraction patterns were
collected every hour. The transformation was considered
complete after about 12 h, at which point the volume of
the unit cell did not shrink any further with time (see
left panel in Figure 1).
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FIG. 2. Left: The results of a Rietveld profile refinement of data collected at 0.018 GPa and 130 K using the nitrogen sX
structure. Black crosses are measured data points, the red curve gives the calculated pattern, and blue line the difference
between observed and calculated profiles. The excluded sections correspond to regions affected by the Bragg reflections of the
aluminium pressure cell. Right: Refined structure from the neutron diffraction data with oxygen atoms (red), deuterium atoms
(white), and nitrogen atoms (blue). Disorder is displayed a by partially coloured atoms.

III. REFILLING STUDIES

The emptied C0 hydrate (ice XVII) was then pres-
surised with nitrogen to 0.018 GPa (the pressure of a
full gas bottle) at 130 K. Uptake of gas was observed.
Additional gas had to be added to the system regularly
to maintain the pressure, and an expansion of the
c-axis of sX (the axis that contracts most on removal of
hydrogen) was observed,see right panel in figure 1.

After ∼7 hours the changes in pressure and lattice pa-
rameters appeared to have saturated and data was accu-
mulated for about 5 h for full structural analysis. The
results of a Rietveld profile refinement are shown in fig-
ure 2, together with the refined crystal structure. We
were able to fit the known pattern of the sX structure
to our data. As in the CO2 and H2 hydrates based on
sX, the space group is P6122 or P6522. From the re-
finement we were able to obtain the lattice parameters
a=6.240(3) Å and c=6.065(2) Å. According the estab-
lished numbering methodology, we propose the name ni-
trogen hydrate V (NH-V) for this new sX-type hydrate.
The resulting structural parameters for NH-V are sum-
marised in table I. We find a nitrogen-water guest-host
ratio of 1:2.7.

In addition to this experimental work, DFT simula-
tions were carried out to determine the optimal filling
ratio of the channels. The relative enthalpy of formation
for a series of hydrates approximants with guest-host ra-
tio 1:n (n=2· · · 6) are shown in figure 3 as a function of
pressure. The canonical filling ratio of the sX structure
is 1:2. However, for NH-V, a guest-host ratio of 1:3 is
most stable across the entire pressure range. For com-

TABLE I. Space group, unit cell lattice parameters (a and
c), oxygen and nitrogen fractional coordinates (x, y, z), occu-
pancies, and multiplicities and Wyckoff positions of the sites
for NH-V from neutron diffraction.
The values were obtained at 0.018 GPa and 130 K.

Space group P6122

a / Å 6.240(3)
c / Å 6.065(2)

O (6b) 0.764(5) 0.5270(18) 0.250(9) 1.00(0)
D (6b) 0.377(10) 0.071(6) 0.532(4) 0.50(0)
D (6b) 0.563(8) 0.335(6) 0.458(3) 0.50(0)
N (12c) 0.957(10) 0.142(14) 0.652(13) 0.22(4)
N (12c) 0.213(8) 0.065(12) 0.883(12) 0.16(2)

parison, calculations suggest a guest:host ratios of 1:2 in
H2-sX (C0) and 1:4 in CO2-sX, respectively, roughly in
agreement with experimental findings13. Interestingly,
the calculations predict a transition from NH-III to sX
at around 2 GPa. (NH-III is a tetragonal hydrate, sT,
in the space group P42/mnm and the lattice parameters
a=6.342 Å and c=10.610 Å12.) The latter structure is
stabilised by having a much smaller molecular volume
due to efficient packing of the nitrogen molecules.

The calculated structure is in good accordance
with the structure obtained from our Rietveld refine-
ments. The calculations suggest the lattice parameters
a=5.904 Å, b=5.962 Å, and c=6.003 Å at 4 GPa and
a filling ratio of 1:3. In comparison, the experimental
values were a=b=6.240(3) Å and c=6.065(2) Å and a
filling ratio of 1:2.7. As can be seen, the values obtained
for the filling ratios from the DFT simulation are well
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FIG. 3. Stability of nitrogen sX for various filling ratios from
DFT calculations, against decomposition into pure ice and
N2. For comparison, the metastability of pure ice XVII is
indicated, as well as the formation enthalpy of NH-III hydrate.

within the error bars of the experimental ones.

The nitrogen pressure was then increased to 0.30 GPa
at 130 K. This led to changes in the diffraction pattern
– the intensity of the peak at 4.12 Å decreased, while a
new peak at about 3.64 Å slowly emerged, indicating a
structural change in the sample. To speed this process
up, the temperature was increased - first in 10 K steps to
160 K under a static pressure of 0.30 GPa, then in larger
temperature steps. At every temperature, diffraction
patterns were collected for about one hour each. A pres-
sure drop in the sample chamber upon every increase in
temperature was observed, indicating additional gas up-
take. In figure 4 the respective diffraction patterns upon
heating are depicted, with the first, blue curve being the
pattern recorded at 0.018 GPa and 130 K. The newly
emerging peak at 3.64 Å is close to a d-spacing that
would suggest a doubling of the SX unit cell (it would
be the (211) peak). Upon closer investigation, however,
this theory was proven wrong, and we could identify
this peak to belong to the hexagonal clathrate structure
sH, a high-pressure phase hitherto only observed above
0.85 GPa17,42. This structure comprises two different
small cages and one large cage, which runs the length
of the unit cell along the c-axis. The sH structure
is found in many simple gas hydrates (for example,
Ar, Kr, Xe, methane, and N2) but generally in the
pressure range ∼ 1-2 GPa42–44. Here, the sH structure
has the lattice constants a=11.82(4) Å, and c=9.82(4) Å.

Upon further heating above 160 K (turquoise curve
in figure 4) the intensity of sH’s peaks stayed constant,
whilst the peaks from NH-V (and from the residual ice
XVII) decreased. Simultaneously, new peaks belonging
to the sII clathrate hydrate structure appeared in the

TABLE II. Space group and unit cell lattice parameters (a,
c) for the N2 variants of sX, sH, sIII, and sII.

Hydrate Space group a / Å c / Å
NH-V sX P6122 6.240(3) 6.065(2)
NH-II sH P6/mmm 11.82(4) 9.82(4)
NH-I sII Fd3̄m 17.152(4) 17.152(4)
NH-VI sIII P42/mnm 22.914(9) 12.003(7)

diffraction pattern. Note that only the NH-V peaks dis-
appeared, the peaks assigned to sH remained. This sug-
gests that sII does not form directly from sH but rather
that it is formed from NH-V. Analogous observations in
the H2-H2O system support this hypothesis. Donelly et
al. found that hydrogen sX (C0) transforms into sII upon
heating at 0.3 GPa.40,41 Furthermore, it would not be
surprising that residual ice XVII, a metastable structure,
transformed in the presence of a suitable guest into sII as
well. The transformation NH-V −→ sII therefore gives a
second possible route for the decomposition.

Upon further heating, the N2-H2O mixture under-
goes another remarkable transition - the sH peaks start
to disappear and another (metastable) phase is formed.
This phase could be fitted with the known pattern of a
clathrate of the structure III type (sIII). Hitherto this
clathrate type has only been known in bromine-water
mixtures.11 Type III clathrate hydrate has a tetragonal
structure with space group P42/mnm and a cell volume
of 6300 Å3, the largest known unit cell for a clathrate.
The cell consists of 172 water molecules which form six-
teen 14-hedral cavities (51262), four 15-hedral cavities
(51263), and ten dodecahedral cavities (512). The lat-
tice parameters we obtained from our measurements are
a=22.914(9) Å, and c=12.003(7) Å. Almost 200 years af-
ter the first description of bromine hydrate we show that
the sIII structure can serve as host to a second molecular
guest species45,46. For this nitrogen hydrate we propose
the name nitrogen hydrate VI (NH-VI). Finally, as it
warms close to room temperature NH-VI forms the sta-
ble clathrate hydrate of type sII. This transition sequence
is an excellent example of Ostwald’s rule of stages, an
empirical law stating that a meta-stable phase will trans-
form to the stable phase, by passing through metastable
phases in order of their Gibbs free energy . All nitrogen
hydrates observed in this study are summarised in table
II.

IV. CONCLUSIONS

We have shown that nitrogen-water mixtures can
form the chiral clathrate hydrate structure, sX. This
new nitrogen hydrate (NH-V) is obtained by refilling ice
XVII at 130 K. Neutron diffraction data suggests that
nitrogen NH-V is hexagonal with space group P6122
or P6522 and lattice parameters a=6.240(3)) Å and
b=6.065(2) Å. Experimentally a guest:host ratio of 1:2.7
per molecule was found, close to DFT calculations that
find NH-V stable with a filling ratio of 1:3. The values
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for the filling ratios obtained from the DFT simulation
are well within the error bars of the experimental ones -
theory and experiment are therefore in good accordance.

NH-V −→ NH-II −→ NH-VI −→ NH-I

At 0.3 GPa we found that nitrogen NH-V transforms
into the hexagonal NH-II, however, the transition only
occurs very slowly. NH-II (sH) then, upon heating,
undergoes transitions into NH-VI (sIII) and finally
into NH-I (sII) clathrate hydrates. This is somewhat
surprising. The sIII structure is an oddity in that it has
so far only been observed in the bromine-water system.
To find it in a simple gas system like nitrogen-water is
unexpected. Similarly sH is generally found at pressures
above ∼1 GPa and the ability to form it as part of
a cascade of metastable structures at the much lower
pressure of 0.3 GPa may be useful technologically.

In addition, we report another possible route for the
decomposition of NH-V - heating it at an elevated pres-
sure leads to a direct formation of the stable nitrogen
hydrate I (sII).

NH-V −→ NH-I

We have hereby demonstrated that ice XVII is a micro-
porous material that can be loaded with different gases.
The unique channel layout of the sX network gives it a
large amount of flexibility: the guest gases it can absorb
span an unusually large size range (from H2 via N2 to
CO2), with the gas uptake ratio adjusting accordingly
(from 1:2 to 1:4) to avoid steric repulsion of the guest
molecules. At the same time, guest species exhibit high
mobility along the channels, which makes determinations
of the guest content from diffraction difficult. So far,
DFT calculations have proved very useful in constraining
the guest-host ratio. If necessary, more nuanced descrip-
tions of the electronic structure, e.g. through local-MP2
calculations, could be applied.47

The universality of the sX host network raises the in-
teresting possibility that if ice XVII can be loaded with
oxygen (a molecule of similar size to nitrogen but with a
triplet ground state), a magnetic sX-based hydrate might
be produced. With sufficient cooling this hydrate might
be induced to order magnetically.
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FIG. 4. Neutron diffraction patterns recorded while heat-
ing the sample. The first curve (blue) gives the pattern of
the pure nitrogen sX. The main components of the respec-
tive patterns are from bottom to top: sX, sX+sH, sH+sII,
sIII+sII, sIII+sII, sIII+sII, sII+sIII, and sII. Black crosses
are measured data points, the solid curves give the calculated
patterns.
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Abstract: The mixed homonuclear and heteronuclear hydrogen bonds in ammonia hydrates have
been of interest for several decades. In this manuscript, a neutron powder diffraction study is
presented to investigate the structure of ammonia monohydrate IV at 170 K at an elevated pressure
of 3–5 GPa. The most plausible structure that accounts for all features in the experimental pattern
was found in the P21/c space group and has the lattice parameters a = 5.487(3) Å, b = 19.068(4) Å,
c = 5.989(3) Å, and β = 99.537(16) deg. While the data quality limits discussion to a proton-ordered
structure, the structure presented here sheds light on an important part of the ammonia–water phase
diagram.

Keywords: Ammonia hydrate; high pressure; neutron diffraction; density functional theory.

1. Introduction

The water–ammonia system is of interest for a variety of reasons. First and foremost,
it is a model system in which the behaviour of materials that contain homonuclear and
heteronuclear hydrogen bonds can be observed; H2O readily forms H-bonds with itself
and with NH3, while NH3 tends to donate H-bonds to H2O. These N-H· · ·O and N· · ·H-O
hydrogen bonds are highly relevant as proxies for the hydrogen bonds in proteins and
other biomolecules, where these H-bonds play an important role in folding, replication,
and overall functionality [1]. As such, water ice and solid ammonia, as well as their
three stoichiometric mixtures—ammonia hemihydrate (NH3 · 1

2 H2O, AHH), ammonia
monohydrate (NH3·H2O, AMH), and ammonia dihydrate (NH3·2H2O, ADH) [2]—are
important proxies for the understanding of more complex hydrogen-bonded molecules.

Of equal importance is the abundance of ammonia (15%) and water (45%) in the
outer solar system. This suggests that ammonia–water is one of the main phases in this
region of the solar system [3–6] and large proportions of the mantle regions of Uranus
and Neptune (the “ice giants”) are likely composed of those two molecules, where they
experience pressure conditions from the kbar to Mbar range (see Hubart et al. [7] and the
phase diagram in Figure 1). Furthermore, their abundance on icy moons in our solar system
has been confirmed [8], and NH3-H2O is presumed to feature prominently in the interiors
of a large number of trans-Neptunian objects and Neptune-like exoplanets [9,10]. In this
astrophysical context, ammonia is considered the most plausible planetary ’antifreeze’
agent [11].

The flexibility of the hydrogen bond leads one to suspect that NH3–H2O mixtures,
much like pure water or ammonia, should support a wide range of different phases
at different pressures and temperatures, characterised by specific network topologies,
density profiles, elastic and viscous properties, etc. The first visual and Raman-scattering
observations made using diamond anvil cells indicated that AMH possessed no high-
pressure polymorphs [12]. This assumption was proven incorrect; to date, five AMH
phases have been identified: AMH-I, AMH-II, AMH-III, AMH-IV and DMA (formerly
AMH VI) [2,13]. The first of the high-pressure phases, AMH-II, was characterised by
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Nelmes et Loveday by means of neutron powder diffraction and the pattern of AMH-II,
collected at 508.9 MPa, was incorrectly indexed with an orthorhombic unit cell [14]. Finally,
the structure was solved in 2009 for a diffraction pattern collected at 443 MPa and 174 K (a
= 18.8680(2) Å, b = 6.9477(1) Å, and c = 6.8589(1) Å) [15].

Of the remaining three high-pressure phases, only the structure of the disordered
molecular alloy phase (DMA) is known. It has been extensively studied [13] and crystallises
in the cubic structure (Im3̄m) with the lattice parameter a = 3.273 Å. In DMA, the two
possible crystallographic sites (0, 0, 0) and ( 1

2 , 1
2 , 1

2 ) are equally occupied by either an
ammonia or a water molecule. Together with AMH-III (still unsolved), this structure
counts towards the ’high-temperature’ phases of ammonia monohydrate, as it can only be
observed at >200 K and >270 K, respectively. The p/T phase diagram for AMH is shown
in Figure 1.

Figure 1. The AMH phases diagram. For the known crystal structures, the respective unit cells are
shown. Please note that broken lines do not denominate phase boundaries, but rather a line at which
the respective other phase first appears. The grey lines in the background give the phase diagram of
water as a reference. The melting curves and phase boundaries are taken from [13,15–20].

In this body of work, we investigate the structure of ammonia monohydrate IV. With
results based on a neutron diffraction study carried out at the ISIS neutron source, paired
with density functional theory (DFT) calculations, we try to propose a possible structure
solution for this—so far, unsolved—polymorph.

2. Materials and Methods

The experiment was carried out on a sample of nominal composition ND3·D2O (AMH),
prepared by condensing ND3 gas (99 atom% D from Aldrich Chemicals Co., Dorset (SP8
4XT), UK) into a Swagelock steel cylinder, which was cooled to 77 K in a bath of liquid
nitrogen (LN2). The cylinder was then weighed and the contents diluted to the appropriate
stoichiometry with D2O (Aldrich Chemicals Co., 99 atom% D). The resulting mixture was
then warmed in a bath of isopropanol and liquid nitrogen at 184 K to stabilise a ND3·D2O
liquid. To crystallise the AMH, the liquid was once again cooled in a bath of LN2 and the
so-obtained sample was stored at these conditions; the ideal AMH stoichiometry is 48.598
wt.% ND3.

The sample was transported to ISIS (RAL, Oxfordshire, UK), where it was cryo-loaded
into a Paris-Edinburgh press (PE-press) at PEARL [21,22]. To that purpose, the sample was
ground to a fine powder under liquid nitrogen and loaded into a pre-cooled gasket. The
gasket was sitting on an anvil (sintered-diamond) that was immersed in liquid nitrogen.
After loading, the gasket–anvil assembly was then put into the PE-press and an initial
sealing load of 5 t was applied. Data were collected for 81.2◦ < 2θ < 98.8◦ (L2 = 0.8 m,
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0.5 < d(Å) < 4.1, ∆d/d ≈ 0.65 %), the optimised geometry of the PE press. Second frame
data were taken but the level of signal was too low to be useful [22].

Diffraction data were analysed (Le Bail, Rietveld, MCSA) using the GSAS-II software
suite [23].

We also performed calculations of the enthalpies of structural candidates obtained
from Rietveld refinements, using density functional theory (DFT), as implemented in the
CASTEP code [24]. Exchange-correlation effects were described within the generalised
gradient approximation (GGA) using the Perdew–Burke–Ernzerhof (PBE) functional [25]
and ultra-soft pseudo-potentials or norm-conserving potentials as generated ‘on-the-fly’
by CASTEP with cut-off radii of 1.1 Bohr for oxygen and nitrogen, and 0.6 Bohr for hydro-
gen. Geometry optimisations were performed with plane wave cut-offs of 1000 eV and
Monkhorst-Pack [26] k-point spacings of no more than 2π × 0.04 Å−1, until residual forces
and stresses were below 50 meV/Å and 0.1 GPa, respectively.

3. Results

After applying a sealing load of 5 t, the sample in the PE-cell was lowered into the
diffractometer. A cryostat was then used to increase the temperature of the cell and sample
to 170 K. At this temperature, the load was increased incrementally to 40 t. During the
pressure increase, the sample first transformed into AMH-II and then, ultimately, into
AMH-IV. No pressure marker was used for this experiment to avoid parasitic lead peaks;
therefore, the exact pressure is unknown. However, from previous pressure–load curves
and the phase diagram of AMH, it can be deduced that the sample pressure lies between 3
and 5 GPa. Once the load of 40 t was reached, a powder pattern was recorded.

3.1. Density of Ammonia Hydrate and Initial Indexing

From the initial composition of the water–ammonia mixture and the absence of other
known phases of ice, water and ammonia–water mixtures, it is evident that AMH-IV is a 1:1
mixture. This is mentioned because, in a previous study, the composition of ammonia–water
phases was wrongly identified (c.f. the DMA phase in AMH and ADH) [13]).

The average volumes per molecule for ADH, AMH, and AHH at ambient pressure are,
respectively, 30.170(6) Å3, 30.604(2) Å3, and 30.583(2) Å3 [27]. These values are remarkably
similar and show no obvious correlation with composition. This trend is also visible in the
similarity of the equations-of-state of the high-pressure phases of both the AMH and ADH
[2,15,17,19,27]. It thus seems reasonable to assume that AMH-IV also shows no significant
composition dependence in its equations of state; in the pressure range from 3 to 5 GPa, it
should have a density of 1.4–1.8 g/cm3. The content of a unit cell can be estimated from
these densities.

Altogether, the data collection resulted in 15 well-defined, although broad, peaks and
several heavily overlapping ones (see diffraction data below). The relatively small number
of peaks imposes an upper limit on the size of unit cells that can be meaningfully tested. In
this case, refinements of unit cells larger than 400 Å3 proved to be very unstable unless a
high-symmetry space group was used.

Peaks in the diffraction data were identified by fitting them with pseudo-Voigt func-
tions, and then the GSAS-II indexing routine was run. In general, the indexing of cubic,
hexagonal, and trigonal crystal systems resulted in unit cells that were too large (>1000 Å3)
for the dataset and, hence, were mostly discarded. This indexing resulted in 108 possible
cells, not including a triclinic lattice. A Le–Bail (LB) refinement was carried out in the
respective lowest symmetry space group for this crystal system to account for all possible
peaks in the powder pattern. Al total of 60 cells showed promising Le–Bail fits and were
used for the next step of the data analysis. Please note that most of the 60 cells had several
possible space groups with higher symmetries, which fit the pattern equally well [28].
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3.2. Structure Search Using Monte Carlo Simulated Annealing

In order to solve the structure for AMH-IV, initially, the GSAS-II charge flipping algo-
rithm was used. However, charge flipping is not well-suited to neutron powder diffraction
data; hence, Monte-Carlo-Simulated Annealing (MCSA) was used here. MCSA uses atoms,
molecules, or molecule fragments and varies their position in the unit cell [29,30]. This is
performed using a random-walk approach [31], as implemented in crystallographic soft-
ware packages [23]. For the resulting structure model, the peak intensities were calculated
and compared with the intensities from the Le–Bail fit. This procedure was repeated until a
convergence criterion was met. As such, MCSA has the advantage that the molecules placed
in the unit cell can be chosen so that the required density is 1.4–1.8 g/cm3. Here, the starting
structures for the MCSA consisted of water D2O and ammonia ND3. Both molecules were
constrained to have a fixed internal geometry and the position and orientation in the unit
cell of these rigid bodies was varied.

The MCSA was considered successful if several runs converged to the same structural
model. The obtained structure was then used for individual Rietveld refinements. For
the initial refinement, the atoms were fixed in the molecular geometry as a rigid body.
After refining their positions and isotropic displacement parameters, the restrictions were
lifted and a full refinement was carried out. To double-check whether the structures were
physically plausible, geometry optimisations (GO) were carried out in CASTEP. Finally, this
procedure was repeated for all possible space groups of higher symmetry in the respective
unit cell.

3.3. Two Structure Candidates Based on Rietveld Refinements

In most cases, a reasonable structure was obtained from the MCSA runs. However, the
MCSA solutions often were not stable in Rietveld refinements or in GO. Here, we discuss
the only two structures that fulfilled both requirements; as both candidate structures were
found in the P21/c space group, they are labelled P21/c (I) and P21/c (II).

The first cell presented here, P21/c (I), had the lattice parameters a = 4.379(3),
b = 4.502(4), c = 17.770(5), and β = 92.39(2) deg. This structure is similar to that of
AMH-II (Pbca). Compared to the density of AMH-II (1.190 g/cm3, Z = 16), its density is
higher 1.52 g/cm3 (Z = 12) [32]. The monoclinic cell deviates from an ideal orthorhombic
cell by only ≈ 2.4 deg. From the MCSA in the space group P21/c, a structure model was
obtained, which employed, similarly to AMH-II, a motif of partially layered ammonia and
water [32]. The layers of ammonia are stacked along the c-axis at z = 0 and z = 0.5 and
ammonia and water mix and intertwine between those layers. Furthermore, pure layers of
ammonia and water are stacked along the a-axis. A Rietveld refinement of this structure
was stable with Rw = 2.784% for 32 parameters and the Rietveld fit to the data is given in
Figure 2.
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Figure 2. Left: Rietveld fits to experimental data and respective structures for the monoclinic cell
P21/c (I) with a = 4.379(3), b = 4.502(4), c = 17.770(5), and β = 92.39(2) deg. Grey (red, blue)
graphs represent diffraction data (Rietveld fits, residuals). Orange ticks represent peak positions
of P21/c (I), blue ones parasitic peaks from anvils. Right: The model obtained from the Rietveld
refinement. Red (blue, white) spheres represent oxygen (nitrogen, hydrogen) atoms.

The structural parameters were then used as an input for a geometry optimisation in
CASTEP; the respective enthalpy plot is shown in Section 3.4. The geometry optimisation
did not result in massive shifts in molecule positions (average displacement of 0.964(3) Å
of the molecular centres between the GO and the Rietveld solutions), and resulted in a
physically plausible structure. To further verify that the structure is plausible, phonon
calculations were carried out at the Γ-point, and resulted in real phonon frequencies only.
While the Rietveld fit of the (geometry optimised) structure reproduces the main features
of the experimental data (see Figure 2), many peaks—particularly in the high-Q range
(d-spacings 1.3–1.9)—are poorly fitted by this structure.

The second monoclinic cell, P21/c (II), which showed promising results, has the
dimensions a = 5.487(3) Å, b = 19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16) deg.
A Rietveld fit to the experimental data is given in Figure 3 with an overall Rw of 4.451%.
Compared to the structure discussed above, P21/c (II) seems to fit all main features of
the diffraction pattern quite well. To further verify that the structure is plausible, phonon
calculations were carried out, again sampling the Γ-point and confirming real phonon
frequencies only. More details of the DFT analyses are discussed in Section 3.4 below.

Figure 3. Left: Rietveld fits to experimental data and respective structures for the monoclinic cell
P21/c (II) with a = 5.487(3) Å, b = 19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16) deg. Right: The
model obtained from the Rietveld refinement. Data representation as explained in the caption of
Figure 2.

Compared to the first structure, P21/c (II) does not show layers of H2O or NH3 in the
ac-plane (along the b-axis). However, the lattice parameters again show a resemblance to
the ones of AMH-II, with the b-axis being three times as long as the a and c axis. This seems
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plausible, as AMH-IV is an intermediary state between AMH-II and the high-pressure
phases AMH-DMA or AHH-II. A density of about 1.30 g/cm3 was calculated for the
above-mentioned lattice parameters (Z=12). While this density is at the lower end of the
reasonable densities, P21/c (II) is the most plausible structure that we were able to obtain.

3.4. Structure and DFT Study of P21/c (II)

As mentioned in the section above, the best fit to the diffraction pattern of AMH-IV re-
sulted from a unit cell with the dimensions a = 5.487(3) Å, b = 19.068(4) Å,
c = 5.989(3) Å, and β = 99.537(16) deg and the P21/c symmetry; the values were obtained
from the Rietveld refinement shown in Figure 3. The overall fit resulted in Rw = 4.451%,
and—as stated above—accounts for nearly all features in the diffraction pattern. How-
ever, due to the limited number of well-resolved peaks and the large unit cell volume of
613.30(8) Å3 the molecular geometry had to be fixed with rigid bodies. Furthermore, a
high symmetry spacegroup had to be chosen to avoid exceeding the empirical 3n-rule of
refinable parameters. The atom positions and isotropic displacement parameters for the
proposed structure of AMH-IV are summarised in Table 1.

Table 1. Atom site, position and isotropic displacement parameters for AMH-IV in space group P21/c
(II); lattice parameters a = 5.487(3) Å, b = 19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16) deg.

Atom Site x y z Uiso

D1 4e 0.062(9) 0.433(4) 0.724(9) 0.165(15)
D2 4e −0.105(9) 0.394(4) 0.522(9) 0.165(15)
D3 4e 0.545(6) 0.5092(18) 0.266(5) 0.006(5)
D4 4e 0.388(6) 0.5531(18) 0.069(5) 0.006(5)
D5 4e 0.372(5) 0.2823(12) 0.558(3) 0.177(16)
D6 4e 0.343(5) 0.2607(12) 0.285(3) 0.177(16)
D7 4e 0.288(5) 0.3429(12) 0.359(3) 0.177(16)
D8 4e 0.986(5) 0.2022(12) 0.838(3) 0.066(8)
D9 4e 0.755(5) 0.2596(12) 0.776(3) 0.066(8)
D10 4e 0.733(5) 0.1949(12) 0.960(3) 0.066(8)
D11 4e 0.644(5) 0.370(2) 1.032(7) 0.021(7)
D12 4e 0.747(5) 0.294(2) 1.105(7) 0.021(7)
D13 4e −0.032(4) 0.9612(7) 0.112(4) 0.026(6)
D14 4e 0.212(4) 0.9968(7) 0.275(4) 0.026(6)
D15 4e −0.053(4) 0.9870(7) 0.375(4) 0.026(6)
N1 4e 0.274(5) 0.2912(12) 0.401(3) 0.177(16)
N2 4e 0.798(5) 0.2084(12) 0.815(3) 0.066(8)
N3 4e 0.024(4) 0.9980(7) 0.234(4) 0.026(6)
O1 4e 0.048(9) 0.419(4) 0.566(9) 0.165(15)
O2 4e 0.440(6) 0.5501(18) 0.231(5) 0.006(5)
O3 4e 0.599(5) 0.321(2) 1.054(7) 0.021(7)

An attempt was made to remove the rigid body restriction and reduce the symmetry
of the space group to P21, both of which remained fruitless. The former resulted in
unreasonable O-H and N-H distances of <0.8 Å, paired with an asymmetry in bond
lengths in the H2O and NH3 molecules. However, the overall structure remained intact.
In the latter case of lowering the symmetry, the structure completely fell apart. Without
access to additional data of better quality, these limitations are necessary and, due to these
restrictions, some peaks are still not perfectly fit.

Two motifs seem to repeat in this structure: a planar quadrilateral and an “envelope
shaped” quadrilateral (see Figure 4). The rings constitute of alternating NH3 and H2O
molecules and are interconnected by hydrogen bonds. The former are stacked along the
a-axis, oriented with the two NH3, either up or down. The latter quadrilaterals form
alternating stacks that are tilted either +25 deg relative to the bc-plane, or −25 deg relative
to the bc-plane.
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Figure 4. Reduced structure without hydrogen/deuterium along the unique axis (b-axis). The unit
cell is indicated by a grey rectangle. Two structural motifs repeat along this axis, a planar quadrilateral
and an ’envelope shaped’ quadrilateral.

Please note that all considerations so far have assumed a hydrogen-ordered structure;
this is based on the observation that the structures of most ammonia hydrates (AMH-I,
AMH-II, ADH-I, AHH-I, AHH-II [2,19]) are ordered at the low temperature at which the
data were collected; the DMA phase, on the other hand, is highly disordered [13]. The
possibility that AMH-IV is also (partially) disordered, therefore, cannot be completely ruled
out. This argument is further supported by the isotropic displacement parameter in the
Rietveld refinement; the variation in the parameters would suggest disorder. (Please note
that a refinement in which all Uiso values were fixed to 0.05 remained stable, with an Rw of
5.444%.) However, given the data quality and the structural complexity, it is not possible to
test for disorder in a meaningful way.

The enthalpy calculations based on density functional theory were performed using
the CASTEP code [24,33] on the ammonia monohydrate structure obtained by MCSA.
Additionally, calculations were performed on the structures of AMH-I, AMH-II, and the
ionic P4/nmm phase; the latter phase was chosen as a reference structure. To calculate
stable compounds, enthalpy values H were compared according to H = U + PV, where U
is the internal energy per molecule and P and V are the pressure and molecular volume,
respectively. To determine the relative stability, the formation enthalpies at every pressure
point from 1 to 15 GPa, relative to the reference structure at the same pressure, were plotted
according to

∆H(P) = H(P)− H(P)re f . (1)

These data are shown in Figure 5. Please note that the transition pressures obtained
from DFT calculations are usually higher than the ones observed in experiments.

At ambient pressure, AMH-I is the most stable compound. Upon an increase in
pressure, AMH-II starts to compete with AMH-I and becomes energetically favourable
at 4 GPa. This is also observed in experiments at a transition pressure of about 0.5 GPa.
AMH-I, despite not being the dominant species anymore, was traced to 15 GPa. The kink
in the enthalpy curve at 12 GPa indicates ionisation of two of the four water-ammonia pairs
to NH+

4 and OH−. The spontaneous ionisation of this form has been observed in several
DFT studies before [34,35]. Between 4 and 5 GPa, Griffiths’ ionic P4/nmm phase becomes
the energetically favourable phase and remains so for the whole pressure regime studied
here. While this behaviour has been observed by Griffiths et al. as well [34], experimentally,
no ionisation of this sort has been observed in AMH to date. From neutron diffraction
experiments, it is known that AMH-II transforms into AMH-IV at 2.2 GPa (upon a pressure
increase) or into AMH-III at 210 K (upon heating); see Loveday and Nelmes (2004) [2].
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Figure 5. Enthalpy per formula unit and densities of the ammonia monohydrate phases AMH–I,
AMH–II, Griffiths’ P4/nmm phase and the P21/c structures of AMH–IV as a function of pressure.
AMH–IV (II) spontaneously ionises at 12 GPa and changes its unit cell.

The P21/c (II) structure of AMH-IV was tracked in the same way and remains energet-
ically unfavourable throughout the whole pressure range. This would indicate the metasta-
bility of the phase, but could also be a result of the temperature difference between the
DFT-study (0 K) and the experiment (170 K). Similar to AMH-I, AMH-IV partially ionises
at 12 GPa; two of the twelve formula units form NH+

4 · · ·OH− pairs. The ionisation goes
hand in hand with a change in lattice parameters to a = 5.79316, b = 16.59557, c = 4.67090,
α = 89.5249, β = 88.4048, and γ = 76.2010 (at 12 GPa). Furthermore, a jump in energy of
−0.3 eV per formula unit can be observed. This jump is remarkable, much larger than in
AMH-I, despite only 2 of the 12 molecules ionising vs. 2 of the 4 in AMH-I. The reason for
this is the transition to a completely new (theoretical) phase. Additionally, this structure
was traced back (see red curve in Figure 5) along the pressure axis. No transition back to a
purely molecular phase could be observed from 15 to 3 GPa.

Since the triclinic, partially ionic structure is energetically much more favourable, an
attempt was made to use this as an input structure for a Rietveld refinement. However, the
experimentally observed pattern did not match this triclinic structure at all. The unit cell of
this structure can be seen in Figure 6. In this cell, α and γ deviated from a monoclinic cell
by less than 4 deg. Hence, to reduce the fitting parameters, a higher symmetry, molecular
equivalent of this structure in space group P21, was carefully constructed (a = 16.59557,
b = 4.67090, c = 5.79316, and β = 76.2010), but this second attempt proved fruitless.
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Figure 6. Unit cell of the triclinic, partially ionic structure obtained from DFT; the ionic units are
highlighted. This structure does not fit the experimentally observed powder pattern.

4. Conclusions

A neutron powder diffraction study was carried out to investigate the structure of
ammonia monohydrate IV. To that end, a neutron diffraction pattern, collected at 170 K at
an elevated pressure of 3–4 GPa, was used. Considerations based on the density of other
ammonia–water phases suggest a density of 1.4–1.8 g/cm3 and a proton-ordered structure.

The most plausible structure, which accounts for all features in the experimental
pattern, was found in the P21/c space group and has the lattice parameters a = 5.487(3) Å,
b = 19.068(4) Å, c = 5.989(3) Å, and β = 99.537(16) deg. DFT calculations revealed a
high formation enthalpy relative to other ammonia monohydrate phases, which could
indicate its metastability. Another possible explanation for this energy difference could be
that the assumption of an ordered structure is wrong. A disordered structure could also
explain the Uiso parameters obtained in the Rietveld refinement. However, the data quality,
due to the nature of the broad and heavily overlapping reflections, was not sufficient to
test disordered structures. Therefore, a proton-disordered or disordered molecular alloy
variant of the structure cannot be ruled out. Finally, it is possible that too high a symmetry
for the cell was chosen; this includes the possibility of a triclinic unit cell, which was not
investigated based on the same data-quality reasoning as above.

To address the above-mentioned concerns in the future, an X-ray diffraction study
would prove helpful. First and foremost, a diffraction pattern with less information, i.e.
without information on the hydrogen positions, would simplify the search for a suitable
unit cell and a structure based on X-ray data would not be affected by any hydrogen
disorder.
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