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CHAPTER 4
Eighteen Phases of Ice and

Counting
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Rachael L. Smith, Sukhpreet K. Talewar and
Christoph G. Salzmann*

Introduction

H,O is the thermodynamically mest-stable combination of hydrogen and oxygen,
and exists in vast quantities in our gniverse (Tielens 2013). From the oceans on Earth
and the poles of Mars to the icy moons of the gas giants and the distant mountain
ranges of Pluto, H,O is a constant companion throughout our solar system and a
critical ingredient for the evolution and support of life (Ball 1999). Although often
depicted as a V-shaped molecule, the van der Waals volume of the water molecule
is dominated by the oxygen atom with two ‘bulges’ where the two hydrogen atoms
are located (Finney 2001). Unlike any of the other dihydrogen chalcogenides, H,O is
capable of forming up to four hydrogen bonds with neighboring molecules which has
a pronounced impact on the physical properties of its condensed phases including the
temperatures of melting and boiling (Petrenko and Whitworth 1999).

The familiar hexagonal phase of ice is called ice 14. Based on X-ray diffraction,
it was established that the oxygen atoms in ice 14 are arranged in tetrahedral
coordination environments (Dennison 1921, Bragg 1921, Barnes and Bragg 1929).
However, the positions of the hydrogen atoms remained unresolved and even
controversial until the late 1940s when neutron diffraction became available (Wollan
et al. 1949). Four of the debated structural models are shown in Fig. 1. According to
the Barnes model (Barnes and Bragg 1929), the water molecules lose their molecular
character in ice with hydrogen atoms located halfway between the oxygen atoms.
The Bernal-Fowler model on the other hand suggested intact and orientationally
ordered H,O molecules (Bernal and Fowler 1933). Pauling proposed a structural
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Fig. 1: The four pessible-structural models used to analyze the first powder neutron diffraction data
of DO ice 14 (Barnes and Bragg 1929, Bernal and Fowler 1933, Pauling 1935, Wollan et al. 1949).
Reproduced with permission from Wollan et al. (1949).

model with two half-occupied hydrogen sites along each of the hydrogen bonds
(Pauling 1935). Finally, rotating water molecules, in what would now be considered
a plastic phase of ice, were considered as well (Wollan et al. 1949). The analysis of
the powder neutron diffraction of data of D,O ice 1/ revealed that Pauling’s model
provides the best match to the recorded intensities of the Bragg peaks. The half-
occupied hydrogen sites thereby reflect the average structure of ice in which the
orientations of the fully hydrogen-bonded water molecules are random. Such an ice
structure is commonly described as hydrogen disordered. The molar configurational
entropy of such a phase of ice was estimated by Pauling as R In (3/2) (Pauling 1935).
The frequently used term “proton disordered” is chemically incorrect since the water
molecule contains hydrogen atoms and not pretens;-thatis; H' ions.

In addition to ice 14, several other phases of ice exist that have been labelled with
increasing Roman numerals in chronological order of their discoveries. The up-to-date
phase diagram of ice is shown in Fig. 2. Like ice 14, all other phases of ice that share
phase boundaries with liquid water including ices III, V, VI, and VII are hydrogen
disordered and hence follow Pauling’s model. Despite not being able to reproduce
the diffraction pattern of ice 14, the other three structural models shown in Fig. 1
still turned out to be highly relevant for ice research. Upon cooling, the hydrogen-
disordered ices I1I and VII transform to their hydrogen-ordered counterparts, ices IX
and VIII with defined orientations in line with the Bernal-Fowler model (La Placa
and Hamilton 1973, Whalley et al. 1968, Whalley et al. 1966). Compression of ice
VII beyond 60 GPa leads to the formation of ice X as the hydrogen bonds become
symmetric like in the Barnes model (Stillinger and Schweitzer 1983, Polian and
Grimsditch 1984). The formation of a plastic state of ice VII at high temperatures has
been suggested (Takii et al. 2008, Aragones and Vega 2009, Hernandez and Caracas
2018) and the recently discovered superionic ice XVIII (Millot et al. 2018, Millot
et al. 2019) can even be seen as a state beyond plastic rotations with completely
dissociated water molecules.
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Fig. 2: The phase diagram of ice. Phases in their regions of stability are shown as bold Roman numerals
whereas a smaller font size is used for metastable phases. Dashed lines indicate metastable melting lines
whereas dotted lines are either extrapolated or estimated computationally (Nakamura et al. 2016).

The hydrogen-bonded networks of all phases of ice discovered so far are shown
in Fig. 3. A complex array of structures exists, ranging from ices [/#/XI, II, and XVII
with large open channels to the densely knit interpenetrating networks of ices VI/XV,

2
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Fig. 3: The hydrogen-bonded networks of the various phases of ice. Oxygen atoms are shown as spheres

and hydrogen bonds as grey lines. Blue spheres indicate the oxygen atoms belonging to 4-fold spirals in

ice III/IX, interpenetrating hydrogen bonds in ice IV, and the second independent networks in ices VI/XV,

and VII/VIII/X. The structure of ice Ic is shown with the corresponding supercell of ice I4. The orange

and blue polyhedra in ice XVI indicate the two different types of cages. The unit cell of the superionic ice
XVIII is shown with black lines.
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and VII/VIII/X (Salzmann 2019). In the following sections, the various phases of ice
will be introduced by describing their structures, physical properties, and the most
recent experimental advances in understanding these phases.

The Ice I Family of Polytypes

Hexagonal ice 17 is the most ubiquitous, naturally occurring form of ice on Earth
which forms below 0°C at atmospheric pressure (Kuhs and Lehmann 1983, Réttger
et al. 1994). The crystal structure of ice 17 with space group P6,/mmc contains
puckered layers of six-membered rings of water molecules in the chair conformation
as shown in Fig. 4(a). These layers extend in the a-b-plane and are stacked along
the c-axis where each layer is the mirror image of the previous layer. The hexagonal
stacking of layers is indicated by ‘h’ in Fig. 4(b). Due to the stacking, six-membered
rings in the boat conformation are formed so that the ice 14 structure contains equal
amounts of six-membered rings in the chair and boat conformations. The hexagonal
unit cell of ice 14 contains 4 water molecules and one distinct oxygen site. Although
of very similar length, two different types of hydrogen bonds exist in ice 14: those
within the layers and those connecting them. Ice 14 is fully hydrogen disordered and
it has been discussed that the hydrogen disorder induces positional disorder of the
oxygen atoms (Bertie and Whalley 1964a, Kuhs and Lehmann 1983). Highly accurate
measurements of the lattice constants of ice 14 as a function of temperature have
recently been reported (Fortes 2018). Furthermore, insights into the reorientation
dynamics and weak ordering processes at low temperatures have been gained from
measurement of the lattice constants (Fortes 2019). Below ~ 60 K, ice 1% displays
negative thermal expansion (Rottger et al. 1994, Gupta et al. 2018).

The crystal structure of ice Ic with space group Fd-3m comprises layers identical
to those in ice 1 but they are stacked on top of one another by shifting halfway across

o 0O T T O 0O T o o0 o =T

cubic ice I (ice Ic) stacking disordered ice |

(ice Isd)
Fig. 4: Stacking of layers in ice I. (a) Single puckered ice I layer. Side views of the stacking of layers
in (b) ice 1A, (c) ice Ic, and (d) stacking disordered ice I (ice Lsd). Oxygen atoms of water molecules are
shown as spheres; connected by hydrogen bonds drawn as lines. Hexagonal and cubic stacking is indicated
as ‘h’and ‘c’, respectively.
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the diagonal of the six-membered rings (Kuhs et al. 1987). Cubic stacking is indicated

7 ‘¢’ in Fig. 4(c). The arrangement of oxygen atoms in ice Ic is identical to the cubic
alamond structure. Hence, the overall structure contains only six-membered rings
in the armchair conformation. The cubic unit cell contains eight water molecules
with one distinct oxygen site and one type of hydrogen bond. Since the structural
difference between ice 1/ and Ic lies only in the way that identical layers are stacked,
these two forms of ice are not considered to be distinct polymorphs but different
polytypes of ice L.

Pure cubic ice Ic has been prepared for the first time in two recent independent
studies. The first route involves heating the low-density ice XVII under vacuum to
~160K (del Rosso etal. 2020). Alternatively, ice Ic can be prepared by decompressing
the C, high-pressure hydrogen hydrate to ambient pressure at ~ 100 K (Komatsu
etal. 2020b). The host framework of the C, hydrate is isostructural with ice Ic which
may provide a templating effect for its formation. The recent discoveries of ice Ic
have now paved the way for detailed investigations of its physical properties and
how they differ from those of ice 14. A rare 28° halo from the sun, called Scheiner’s
halo, has been suggested to arise from the presence of octahedral ice Ic crystal in the
atmosphere (Whalley 1983).

Before the recent discovery of ice Ic, diffraction data of so-called ‘cubic ice’
samples always showed the evidence of mixing of cubic and hexagonal stacking
in the form of diffuse diffraction features (Kuhs et al. 1987, Hansen et al. 2008,
Malkin et al. 2012, Kuhs et al. 2012, Malkin et al. 2015, Amaya et al. 2017). The
name ‘stacking disordered’ ice (ice Isd) was therefore suggested for this type of ice
I, which allows varying fractions of cubic and hexagonal stacking ranging between
pure ice 14 and pure ice Ic (Malkin et al. 2012). A possible stacking sequence of ice
Isd is shown in Fig. 4d. The space group of ice Isd is P3m1 which could explain the
rare occurrence of snowflakes with 3-fold rotational symmetry (Murray et al. 2015).
Computational fitting of the diffraction data of ice Isd enables the determination of
its cubicity (that is, the percentage of cubic stacking). Furthermore, information on
memory effects in the stacking sequences can be obtainedwhich is most usefully
visualized with the help of the ‘stackogram’ plot (Hansen et al. 2008, Malkin et al.
2015, Salzmann et al. 2015). Independent of their cubicities, all ice Lsd samples so
far displayed a greater tendency to stay with a given type of stacking rather than
switching. In addition to diffraction, stacking disorder in ice I can also be identified
from the Raman spectrum (Carr et al. 2014).

Following the preparation of ice Isd using cryogenic vapor deposition (Konig
1943), subsequent routes included the recrystallisation of high-pressure phases,
heating of low-density amorphous ice, and freezing of water and aqueous solutions
(Mayer and Hallbrucker 1987, Kuhs et al. 2012, Malkin et al. 2015). The enthalpies
of transformation to ice 1% range from 23 to 160 J mol ' (Malkin et al. 2015, Handa
et al. 1986). It seems possible that changes in the interfacial energies may contribute
to the measured enthalpies (Handa et al. 1988).

Ice X1 is the hydrogen-ordered counterpart of ice 14 and forms below 72 K with
the help of a base dopant (Tajima et al. 1982). Out of all alkali hydroxides, KOH
was found to be the most effective dopant (Tajima et al. 1984, Matsuo and Suga
1987). The space group of ice XI is Cmc2 , which makes it the only ferroelectric
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phase of ice with a net dipole moment (Leadbetter et al. 1985, Howe and Whitworth
1989, Line and Whitworth 1996, Jackson et al. 1997). Its unit cell contains eight
water molecules with two different oxygen sites and three types of hydrogen bonds.
Complete hydrogen ordering of ice XI has so far not been achieved. For example,
annealing a KOD-doped D,O ice 14 sample at 70 K for 135 hours leads to a 58%
weight fraction of ice XI (Fukazawa et al. 2005). The ice I/ to XI phase transition
has been shown to exhibit memory effects which means that once ice XI has been
formed, it is easier to form it again from ice 14 (Arakawa et al. 2011). The problems
of achieving full hydrogen order in ice XI have been attributed to the strain e the
ice I4/XT interface (Johari 1998). Acid dopants have been shown to be ineffective for
preparing ice XI (Ueda et al. 1982, Matsuo and Suga 1987).

The possible existence of ice XI in space has been discussed (Fukazawa et al.
2006) and the ferroelectric nature of the ground state structure of ice 14 has recently
been challenged (Parkkinen et al. 2014). Furthermore, now that ice Ic has been
made, future work can focus on isolating its hydrogen-ordered counterpart for which
several different structures have been discussed (Raza et al. 2011). In fact, hydrogen-
ordered ice Ic could potentially be the most polar state of condensed H,O with all
dipole moments perfectly aligned.

In addition to ice I structures with extended hexagonal and cubic stacking, high-
order polytypes are possible as well in principle. According to the Ramsdell notation,
the 4H, 6H, and 9R polytype include periodic sequences of (hc), (hec), and (hhc)
blocks. If and how such polytypes of ice I can be prepared is entirely unclear at
present. However, it may well be that the ice I family of polytypes will continue to
grow in the future (Salzmann 2019).

ICell; The Odd One Out?

Ice II was the first of the high-pressure phases of ice to be discovered (Tammann
1900, Bridgman 1912). Its rhombohedral unit cell with R-3 space group symmetry
(Kamb 1964, Finch et al. 1968, Kamb et al. 1971) contains open channels akin to
nanotubes that are hydrogen-bonded to one another (¢f. Fig. 3) (Salzmann et al.
2011). The rhombohedral unit cell contains 12 water molecules, two distinct oxygen
sites and four types of hydrogen bonds. The corresponding hexagonal cell has three
times the volume and hence contains 36 molecules. The channels consist of two
types of six-membered rings, one significantly puckered and the other one almost
flat, that are stacked in an alternating fashion. Eight and ten-membered rings exist
between adjacent channels. Upon compression, ice I displays anisotropic changes in
its structure (Fortes et al. 2003).

The open channels of ice II can be filled with hydrogen (Dyadin et al. 1999),
helium (Londono et al. 1992, Lobban et al. 2002), and neon (Yu et al. 2014)
which stabilizes the ice II structure with respect to ices III and V. In contrast to its
neighboring phases in the phase diagram, ice II is fully hydrogen ordered (Kamb
et al. 1971, La Placa and Hamilton 1973, Arnold et al. 1971, Lobban et al. 2002).
This is remarkable considering that its triple point with ices IIl and V is only ~ 5 K
away from the melting line (Journaux et al. 2020). The complete hydrogen order of
ice I was also confirmed spectroscopically (Bertic and Whalley 1964b, Bertie et al.
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1968a, Bertie and Francis 1980, 1982, Minceva-Sukarova et al. 1985, Li et al. 1991,
Tran et al. 2017). Its compressibility and thermal expansion under in situ conditions
has been studied using neutron diffraction (Fortes et al. 2005).

The thermal stability of the hydrogen-ordered ice Il means that it is the only phase
of'ice for which the hydrogen-disordered counterpart is unknown. Upon heating ice I1,
it transforms to ices I, I1I, V, or VI depending on the pressure and not to its hydrogen-
disordered counterpart (cf. Fig. 2). It has been shews computationally that the phase
transition from ice II to its disordered counterpart ice I1d takes place at p/T conditions
where liquid water is the stable phase (Nakamura et al. 2016). The space group of
ice I1d has been suggested as R-3¢ (Kamb 1973) although it should be noted that ice
II can also appear to have this space group because of twinning (Kamb 1964). In
addition to a perfectly hydrogen-ordered structure, dielectric spectroscopy suggests
a complete lack of defects and a static structure in stark contrast to the hydrogen-
disordered ices (Wilson et al. 1965). The lack of defects could also explain why
ice Il is much harder compared to its neighbors in the phase diagram which could have
an impact on the geophysics of icy moons (Echelmeyer and Kamb 1986, Durham
ctal. 1997). Upon heating at ambient pressure, jce 11 is the only phase ofice displaying
an endothermic phase transition to ice Isd, again illustrating its stability (Handa et al.
1988). Out of all the high-pressure phases, it also gives the ice Isd with the highest
cubicity (Malkin et al. 2015). Whalley et al. (1965) stated that “the complexity of the
phase diagram of ice is due largely to ice II being ordered at all temperatures”.

Recently it was discovered that doping ice with ammonium fluoride (NH,F)
leads to the disappearance of ice II from the phase diagram (Shephard et al. 2018).
NH,F has a hydrogen-disordering effect on ice (Salzmann et al. 2019), which means
that in the case of ice II, the free energy is raised by such an amount that competing
and-already hydrogen-disordered phases become more stable. The NH,F-doping
experiment also illustrates that ice I is strictly topologically constrained since small
amounts of dopant have such a dramatic effect. Since ice II occupies an important
central region of the phase diagram, it has been argued that its unique properties,
including its exceptionally long correlation length, could be regarded as the original
anomaly in the H,O system (Shephard et al. 2018). In any case, the doping-induced
disappearance of ice II was the first instance of a dopant being used to remove a
phase from the phase diagram.

If ice II should be regarded as the ‘odd one out’ is ultimately a matter of
perspective. Considering its stability as well as its hydrogen ordered and defect-free
structure, it could be argued that it is an ‘ideal’ phase of ice and that the hydrogen-
disordered phases with their dynamic and defective structures should pe regarded as
‘odd’.

Ices Il and IX: Chiral HZO

Ice III occupies the smallest region of thermodynamic stability in the phase diagram
between 0.22 and 0.34 GPa (Tammann 1900, Bridgman 1912, 1937). Its tetragonal
unit cell with P42 2 space group symmetry contains 12 water molecules, two
different oxygen sites, and three types of hydrogen bonds (McFarlan 1936, Kamb and
Datta 1960, Kamb and Prakash 1968, Rabideau et al. 1968, La Placa and Hamilton
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1973). The crystal structure includes five-, seven-, and eight-membered rings. An
important structural feature are 4-fold spirals of hydrogen-bonded water molecules
running in the ¢ direction (cf. Fig. 3). These spirals can be either left- or right-handed
which makes ice III a chiral phase of ice (Salzmann 2019). The enantiomorphic
counterpart of P42 2 is P4,2 2. Ice Il is less dense than ice II and it is isostructural
with the SiO, polymorph keatite. Originally, ice Il was believed to be completely
hydrogen-disordered (Wilson et al. 1965, Whalley and Davidson 1965). However,
in situ neutron diffraction showed that ice III is actually partially ordered with the
occupancies of the hydrogen sites deviating from 2 (Londono et al. 1993, Kuhs et al.
1998, Lobban et al. 2000).

Upon cooling under pressure, ice I1I transforms to its anti-ferroelectric hydrogen-
ordered counterpart ice IX between 208 and 165 K (Whalley etal. 1968). The ice I1I to
IX phase transition is the only hydrogen-ordering phase transition in ice observed so
far where the space group symmetry does not change. Unlike ice III, the dimensions
of the unit cell of ice IX are close to cubic (La Placa and Hamilton 1973, Londono
et al. 1993). In stark contrast to the “ice-nine” in Kurt Vonnegut’s novel Cat’s Cradle
(Vonnegut 1963), which is a fictional stable form of ice at room temperature and
ambient pressure, the real ice IX is metastable with respect to ice II below the region
of stability of ice III (Petrenko and Whitworth 1999). Due to its metastability, ice
IX is often found in sequences of phase transitions at low temperatures following
Ostwald’s rule of stages up to ~ 0.7 GPa (Salzmann et al. 2004a, Salzmann et al.
2008). Using single-crystal neutron diffraction, D,O ice IX was shown to contain
a small amount of residual hydrogen prder (La Placa and Hamilton 1973, Londono
etal. 1993). Spectroscopic studies of ice IX samples at low temperatures and ambient
pressure confirmed its highly hydrogen-ordered nature (Bertie and Bates 1977,
Bertie and Francis 1982, Bertie et al. 1968a). The experimental ordered structure
was confirmed to be the lowest energy structure with DFT calculations (Knight and
Singer 2006).

The phase transition from ice III to ice IX upon cooling under pressure was
followed with dielectric spectroscopy (Whalley et al. 1968), calorimetry (Nishibata
and Whalley 1974), and Raman spectroscopy (Minceva-Sukarova et al. 1984). It
was found that cooling rates greater than 1-2 K min™' are needed in order to suppress
its transformation to the stable ice II (Minceva-Sukarova et al. 1984, Arnold et al.
1971). Upon heating, ice X4 always transforms to ice II, which means that the ice
IX to ice III phase transition has not been observed so far (Whalley et al. 1968,
Nishibata and Whalley 1974, Minceva-Sukarova et al. 1984),

Ices V and XIII: Structural Complexity at Its Most Extreme

Ice V is denser than ice II and its region of thermodynamic stability is found between
0.35 and 0.60 GPa (Tammann 1900, Bridgman 1912). Its monoclinic unit cell with
C2/c space group symmetry contains 28 water molecules, four distinct oxygen sites,
and seven types of hydrogen bonds (Kamb et al. 1967, Hamilton et al. 1969). Four-,
five-, six-, eight-, nine-, ten-, and twelve-membered rings exist within its structure
illustrating the remarkable structural complexity of this phase of ice (cf. Fig. 3).
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The structure can be described with two types of zigzag chains that run parallel
to the ¢ axis and form two layers within the unit cell. The hydrogen-disordered
nature of ice V was demonstrated using dielectric spectroscopy (Wilson et al. 1965)
and thermodynamic considerations (Whalley and Davidson 1965). The structural
complexity of ice V also manifests in vibrational spectroscopy (Bertie and Whalley
1964b, Minceva-Sukarova et al. 1986, Tran et al. 2017). Using in situ neutron
diffraction, it was shown that ice V is not fully hydrogen disordered with some of the
fractional occupancies of the hydrogen sites deviating substantially from %2 (Kuhs
et al. 1998, Lobban et al. 2000). Two of the hydrogen sites in C2/c are restricted to
Y occupancy which means that this space group does not allow full hydrogen order.
Pure H,O ice V shows an orientational glass transition at ~ 130 K upon heating
at ambient pressure at 30 K min' corresponding to the unfreezing of reorientation
dynamics of the water molecules (Salzmann et al. 2003a, Salzmann et al. 2011).

Weak hydrogen ordering upon cooling pure ice V has been suggested in several
studies (Kamb and La Placa 1974, Minceva-Sukarova et al. 1988, Handa et al.
1988). Fully hydrogen-ordered ice V, which was named ice XIII, was obtained using
hydrochloric acid (HCI) as a dopant and slow-cooling at ambient pressure (Salzmann
etal. 2006c). The space group symmetry of the antiferroelectric ice XIII is P2 /a with
seven distinct oxygen positions and 14 different hydrogen bonds which makes it by
far the most structurally complicated phase of ice. During the ice V to ice XIII phase
transition, the a lattice constant and the monoclinic angle f increase whereas the b
and c lattice constants contract (Salzmann et al. 2007).

Using calorimetry, it was shown that the ice V to ice XIII phase transition at
~ 113 K goes along with a 66% loss of Pauling entropy upon slow-cooling at ambient
pressure (Salzmann et al. 2008). Considering the highly ordered nature of ice XIII,
this value reflects the partially ordered nature of ice V. According to calorimetry,
the ice V to ice XIII phase transition takes place in at least two overlapping stages
(Salzmann et al. 2008). Slow-cooling under pressure gives a slightly more disordered
ice XIII. The highly hydrogen-ordered nature of ice XIII can also be seen from its
Raman spectrum (Salzmann et al. 2006a). The ice V to ice XIII phase transition has
also been reproduced computationally (Knight and Singer 2008).

The role of the acid dopant is to produce mobile H,O" point defects that speed
up molecular reorientation dynamics and hence enable the hydrogen ordering phase
transition to take place at low temperatures. The effect of HCI doping on the dielectric
relaxation times was reeently shown (Koster et al. 2016). Comparative studies of the
effects of different acid dopants, such as HCI, HBr, HCIO ; and HF, on the hydrogen-
ordering process during the ice V/XIII transition found that the interplay between
acid strength and its solubility in ice determines the effectiveness of dopant with
respect to enabling the hydrogen-ordering transition (Salzmann et al. 2008, Rosu-
Finsen and Salzmann 2018). HF doping has an ordering effect on ice V but to a lesser
extent than HCI which is the most effective hydrogen-ordering agent for ice V/XIII.
Further studies into base dopants showed that LiOH facilitates the transition of ice V
to ice XIII to the same extent as HF (Rosu-Finsen and Salzmann 2018). Therefore,
ice XIII is the first hydrogen-ordered phase of ice that can be prepared with the help
of both acid and base dopants.
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Ice IV: The Rule-breaker

The rule of numbering the phases of ice chronologically according to their dates of
discovery was only broken once. Tammann suspected a metastable phase of ice to
exist below the melting line of ice I# (Tammann 1910) which led Bridgman to skip
the number IV when he discovered ice V (Bridgman 1912). Investigating the phase
diagram of D,0O, Bridgman then identified a metastable phase which he named ice
IV (Bridgman 1935). As far as we know, Bridgman’s ice IV is different from the
metastable phase originally suspected by Tammann. The metastable nature of ice IV
is reflected in its challenging synthesis. After crystallization of liquid water to ice
VI, ice IV is formed in the narrow window of 258.6-259.6 K and 0.500-0.535 GP a
upon slow decompression of ice VI, taking care not to approach the melting pressure
of ice VI (Nishibata 1972). The formation of ice IV following this route occurs only
sporadically and in an unpredictable manner. However, organic nucleation agents
have been successfully used to aid its formation (Evans 1967, Engelhardt and
Whalley 1972). Due to its transient nature, ice IV has been called a “will-o’-the-
wisp, ghostly form of ice” (Ball 1999). In a new approach, ice IV was prepared in a
reproducible fashion by slowly heating high-density amorphous ice (HDA) at 0.81
GPa (Salzmann et al. 2002b, Salzmann et al. 2003c, Salzmann et al. 2004a),

Ice IV forms in a rhombohedral structure with 16 water molecules per unit cell
(space group R-3c), two distinct oxygen sites, and four types of hydrogen bonds
(Engelhardt and Kamb 1981, Klotz et al. 2003). The corresponding hexagonal cell
contains 48 water molecules. The crystal structure features layers of puckered six-
membered rings in a chair conformation that are interpenetrated by hydrogen bonds
as shown in Fig. 3. The structure is in some sense similar to ice I but with hydrogen
bonding between the second-nearest layers. In addition to the six-membered rings,
eight- and ten-membered rings exist as well. Infrared and Raman spectroscopy
suggest ice IV is hydrogen-disordered (Engelhardt and Whalley 1979, Salzmann
etal. 2003b). Atambient pressure, H,O ice IV displays an orientational glass transition
at ~ 140 K upon heating at 30 K min' (Salzmann et al. 2004b). Recent molecular
dynamics simulations of HDA identified local environments similar to those of ice
IV and experimental comparisons with the isostructural NH,F phases suggested that
HDA is a “derailed state” forming during the transition from ice 1% to ice IV (Martelli
et al. 2018, Shephard et al. 2017). Doping ice IV with HCl leads to the appearance of
a weak endotherm in calorimetry around 113 K (Salzmann et al. 2011), H this feature
arises as part of the kinetic unfreezing of molecular reorientation dynamics or etie-te]
the transition from a weakly hydrogen-ordered counterpart of ice IV is unclear (see
question mark in Fig. 2). Fhe-seareh he-h tee

eertainly-continues:

Ices XII and XIV: Large Rings and Extreme Bending of
Hydrogen Bonds
Another metastable polymorph, ice XII, forms in the stability domains of ices V and

VI and was first prepared through slow crystallization of liquid water at 0.55 GPa
(Lobban et al. 1998). The tetragonal ice XII structure (space group /-42d) contains
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12 water molecules per unit cell with two distinct oxygen sites and two types of
hydrogen bonds (Lobban et al. 1998, Koza et al. 1999). In the a-b projection, the
ice XII structure resembles the Cairo tiling, which has five-membered rings only
(Salzmann 2019). While such a two-dimensional phase of ice has been identified
computationally (Chen et al. 2016), the ice XII structure actually contains seven-
and eight-membered rings (O’Keeffe 1998) and is the densest known phase of ice
without interpenetrating structural features. Instead, the high density is achieved by
significant bending of the hydrogen bonds. In addition to the crystallization from the
liquid, ice XII has been identified as an accidental byproduct during the preparation
of HDA from ice 14 at 77 K (Koza et al. 1999, Koza et al. 2000). Later, it was
suggested that the ice XII formation is due to shock-wave heating (Kohl et al. 2001).
Isobaric heating of HDA in the 0.7 to 1.4 GPa pressure range then revealed ice XII
in mixtures with other crystalline polymorphs (Loerting et al. 2002). To prepare pure
ice XII by heating HDA, it was shown that controlling the heating rate is crucial (for
example > 11 K min ' at 0.8 GPa) (Salzmann et al. 2003c, Salzmann et al. 2004a).

Ice X11 is fully hydrogen disordered as shown by neutron diffraction and Raman
spectroscopy (Lobban et al. 1998, Salzmann et al. 2002a). Spectroscopically, ice XII
appears to be very similar to a metastable phase discovered by Chou et al. (1998).
However, if the Chou phase is indeed ice XII is still debated (Salzmann et al. 2004b,
Yoshimura et al. 2007). Upon heating at ambient pressure, H,O ice XII displays an
orientational glass transition at ~ 131 K upon heating at 30 K min ' (Salzmann et al.
2004b). Annealing below the glass transition temperature has been shown to produce
kinetic overshoot effects (Salzmann et al. 2003a).

Dopingice XII with HCl leads to the formation of its hydrogen-ordered counterpart
ice XIV below ~ 103 K (Salzmann et al. 2006c). Ice XIV is antiferroelectric and
orthorhombic with P2 2 2, space group symmetry. Its unit cell contains three distinct
oxygen sites and four types of hydrogen bonds. The reversibility of the ice XII to
ice XIV phase transition at ambient pressure has been demonstrated (Salzmann
et al. 2007, Salzmann et al. 2006b). However, cooling under pressure leads to a
much more hydrogen-ordered ice XIV, which has been attributed to the pressure
helping to overcome orthorhombic strain. The phase transition from ice XII to ice
XIV goes along with expansions in the a and c lattice constants and a contraction
in b (Salzmann et al. 2007). Doping with HF leads to less-ordered ice XIV (Koster
etal. 2015), whereas KOH seems to be ineffective (Salzmann et al. 2006¢). Following
an initial claim of a complete release of Pauling entropy during the ice XII to ice
XIV under pressure using HCI doping (Kdoster et al. 2015), an integration mistake
of the calorimetric data was conceded and the value was corrected to 60% (Koster
et al. 2018). If the effect of temperature is considered correctly upon integration,
it has been argued that the actual value should be 51%, which means that ice XIV
still contains significant amounts of hydrogen disorder (Rosu-Finsen and Salzmann
2018). The energetics of the ordering of ice XIV are consistent with DFT calculations
(Tribello et al. 2006).

Ices VI-and-XV; Self-clathrates

Ice VI is stable between 0.6 and 2.2 GPa and the first of the high-pressure phases of
ice to display a melting point greater than 0°C (Bridgman 1912). For this reason, it
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was nick-named “hot ice” (Walter 1990). Its tetragonal crystal structure with P4 /nmc
space group symmetry contains 10 water molecules, two distinct oxygen sites, and
three types of hydrogen bonds (c¢f. Fig. 3) (Kamb 1965). Furthermore, ice VI is the
first of the high-pressure phases of ice to contain two independent and interpenetrating
hydrogen-bonded networks. Ice VI has therefore been called a “self-clathrate” (Kamb
1965). The networks consist of hexameric units with structures like the (H,0), ‘cage-
like’ cluster in the gas phase (Liu et al. 1996, Ludwig 2001). To build up a network,
the hexameric units share corners in the ¢ direction and are hydrogen-bonded to
one another in the ¢ and b directions. Ice VI is isostructural with the edingtonite
SiO, polymorph (Kamb 1965). The P4,/nmc space group requires ice VI to be
completely hydrogen disordered and its crystal structure was confirmed using in situ
neutron diffraction (Kuhs et al. 1984, Kuhs et al. 1989). The hydrogen-disordered
nature of ice VI is also consistent with dielectric (Wilson et al. 1965) and calorimetric
measurements (Hobbs 1974). The in situ equation of state of ice VI has been
measured using neutron diffraction (Fortes et al. 2012). The crystallization of ice
VI from the liquid has been shown to be affected by the presence of sodium halides
(Zeng et al. 2017, Zeng et al. 2016). Upon heating H,O ice VI at ambient pressure,
an orientational glass transition is found at ~ 134 K (Shephard and Salzmann 2016).

The search for the hydrogen-ordered counterpart of ice VI began quite early.
Kamb (1965) already mentioned the observation of a reflection in the X-ray
diffraction of ice VI at 95 K and ambient pressure which is inconsistent with the
reflection conditions of P4, /nmc (Kamb 1965) and he later assigned Pmmn space
group symmetry to what he called ice VI’ (Kamb 1973). Pmmn allows partial
hydrogen order and implies antiferroelectric hydrogen ordering. However, this was
not reproduced in later neutron diffraction work (Kuhs et al. 1984, Kuhs et al. 1989).
Weak hydrogen ordering upon cooling ice VI under pressure has been suggested from
dielectric (Johari and Whalley 1976, 1979), thermal conductivity (Ross et al. 1978),
and thermal expansion measurements (Mishima et al. 1979). In contrast to Kamb’s
ice VI’ (Kamb 1973), the-dielectric measurements implied ferroelectric ordering of
ice VI upon cooling under pressure (Johari and Whalley 1976, 1979). Raman and FT-
IR spectroscopy of ice VI at low temperatures did not identify any signs of hydrogen
order (Bertie et al. 1968b, Minceva-Sukarova et al. 1986), even when the sample was
doped with KOH (Minceva-Sukarova et al. 1988).

Using HCI as a dopant led to the discovery of the antiferroelectric ice XV, the
hydrogen-ordered counterpart of ice VI (Salzmann et al. 2009). The most ordered ice
XV was obtained after slow-cooling at ambient pressure. Its pseudo-orthorhombic
unit cell with P-1 space group symmetry contains five distinct oxygen sites and ten
types of hydrogen bonds (Salzmann et al. 2009, Salzmann et al. 2016). There are
three different ways in which the hexameric units can become hydrogen ordered.
The experimental structure contains the most polar individual networks. However,
the polarity of the networks is cancelled by the centrosymmetric P-1 space group
symmetry (Salzmann et al. 2016). The antiferroelectric nature of ice XV is consistent
with its Raman spectrum (Whale et al. 2013).

The phase transition from ice VI to ice XV starting at~ 130 K at ambient pressure
goes along with contractions in @ and b whereas there is a significant expansion in ¢
which leads to an overall volume expansion. The increase in volume upon hydrogen-
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ordering explains why the most ordered states of ice XV are obtained upon cooling
at ambient pressure. As can be seen from the changes in lattice constants but also
calorimetric data, the ice VI to ice XV phase transition is quite fast at first, followed
by a long tail so that the entire phase transition takes place over a ~ 30 K window
(Shephard and Salzmann 2015, Salzmann et al. 2016). This rather large window has
been explained with the complication that the ice VI to ice XV phase transitions must
include the hydrogen-ordering of the individual networks as well as establishing
ordering of the two networks with respect to one another. Even slow-cooling at
ambient pressure only achieves a ~ 50% loss of the Pauling entropy. Recently, HCI
was confirmed as the most effective dopant for making ice XV (Rosu-Finsen and
Salzmann 2018). In addition to HF, doping with HBr also proved to enable hydrogen
ordering. This was somewhat surprising since HBr doping is ineffective for preparing
ice XIII. It was speculated that the large bromide anions could be accommodated
within the ice VI/XV lattice by partially substituting one of the hexameric units and
that this is not be possible for the more ‘densely-knit ice’ V/XIII network (Rosu-
Finsen and Salzmann 2018).

In contrast to the experimental P-1 structure, DFT calculations suggested that
the lowest energy ice XV structure is ferroelectric with Cc space group symmetry
(Knight and Singer 2005, Kuo and Kuhs 2006). A later study using fragment-based
2nd order perturbation and coupled cluster theory then suggested the antiferroelectric
P-1 structure as the lowest energy structure (Nanda and Beran 2013). This result was
subsequently contested using the fully periodic 2nd order Mgller-Plesset perturbation
theory and the DFT random phase approximation reconfirming the original Cc
structure (Del Ben et al. 2014). However, in this study it was also shown that the
various possible ferroelectric structures can be destabilized by the dielectric properties
of the surrounding medium. Hence, a mechanism by which antiferroelectric domains
could become stabilized was identified providing an explanation for the apparent
discrepancy between theory and experiment.

Upon increasing the pressure, the formation of ice XV becomes more and more
difficult (Komatsu etal. 2016, Salzmann etal. 2016). For example, D,0O samples either
quenched at 1.0 GPa or slow-cooled at 1.4 GPa were identified as ice VI in neutron
diffraction, and hence, lacking any significant hydrogen ordering. Heating such
samples at ambient pressure revealed a ‘transient’ ordering feature both in neutron
diffraction as well as in calorimetry which was followed by a phase transition to ice
VI (Shephard and Salzmann 2015, Salzmann et al. 2016). The transient ordering
feature can be explained by the high free energy of the essentially ice VI states and
hence the strong tendency to hydrogen order at low pressures.

Slow-cooling HCl-doped ice VI at pressures greater than 1 GPa then brought
about an irreversible endotherm upon heating at ~ 105 K preceding the transient
ordering. This new low-temperature endotherm was initially attributed to a new
hydrogen ordered phase of ice that was suggested to be more and differently hydrogen-
ordered than ice XV (Gasser et al. 2018, Thoeny et al. 2019). Furthermore, a strong
isotope effect was suggested that prevents the formation of a corresponding D,0
phase. In response to this, it was suggested that the new low-temperature endotherm
is related to the glass transition of ‘deep-glassy’ states of ice VI (Rosu-Finsen and
Salzmann 2019, Rosu-Finsen et al. 2020). It was shown that the low-temperature
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endotherms displayed all the characteristics of endothermic overshoot effects related
to a glass transition. This included a typical dependence on pressure and cooling
rate, the fact that they could be produced by sub-T . annealing at ambient pressure
and that they could be made to appear or disappear depending on the heating rate
and the initial extent of relaxation. Such deep glassy states have been observed for
a variety of other materials (Moynihan et al. 1976, Zhao et al. 2013). Furthermore,
deep-glassy states of ice VI were also identified for corresponding D,O samples and
the proposed deep-glassy ice VI scenario was shown to be consistent with X-ray
diffraction recorded by Gasser et al. (Rosu-Finsen and Salzmann 2019). Further to
this, using a combination of neutron spectroscopy and diffraction, an HCI-doped
H,O deep-glassy ice VI sample was compared with pure ice VI and ice XV (Rosu-
Finsen et al. 2020). This showed that deep-glassy ice VI is very closely related to
ice VI from both the spectroscopic as well as the diffraction point of view (Rosu-
Finsen et al. 2020). Additionally, in line with expectation, it has been shown that the
hydrogen-ordered structure of D,O ice XV can be used to anatyze the corresponding
H,O phase,

Ices VII, VIII, X, and XVIII: the High-pressure Frontier

Ice VIl is a stable phase of ice above 2.1 GPa (Bridgman 1937, Pistorius et al. 1968).
Like ice VI, it contains two interpenetrating networks that are isostructural with ice
Ic (Kuhs et al. 1984, Jorgensen and Worlton 1985). Its cubic unit cell with Pn-3m
space group symmetry contains two water molecules, one distinct oxygen site, and
one type of hydrogen bond (cf. Fig. 3). The Pn-3m space group requires ice VII to
be completely hydrogen disordered. In addition to ice 1/, ice VII is the second phase
of ice considered to be a mineral following its discovery as an inclusion compound
inside diamonds (Tschauner et al. 2018). Due to its simple structure, ice VII has
been a testbed for probing the positional disorder of the oxygen atoms induced by
the hydrogen-disorder (Kuhs et al. 1984, Jorgensen and Worlton 1985, Nelmes
etal. 1998, Knight and Singer 2009, Bellin et al. 2011). In a recent neutron diffraction
study, ice VII has been compressed beyond 60 GPa (Guthrie et al. 2019). In contrast
to ice Ik, ice VII can accommodate lithium chloride and bromide at ~ 1:6 LiX:H,O
molar ratios (Klotz et al. 2016, Klotz et al. 2009). The unit cell volume of ‘salty’ ice
VIl is strongly increased and the concomitant positional disorder of H,O makes it a
“plastic” phase of ice. Compared to the lithium halides, the solubility of NaCl in ice
VII is much smaller (Ludl et al. 2017).

Upon cooling, ice VII transforms to its hydrogen-ordered counterpart ice VIII
within a narrow temperature range around 273 K over quite a large pressure range
(Whalley et al. 1966, Pistorius et al. 1968, Johari et al. 1974). In addition to the
ice III to ice IX phase transition, this is the only other hydrogen ordering phase
trans1t10n that takes place w1th0ut the help of dopants Fuﬁ-hefmef&t-he—lee—‘%l-l

uﬁ-tt—eell—eh&ﬂges—upeﬂ—hyelfegeﬁ—eféeﬁﬁg— The ice VIII unit cell is tetragonal with
14 /amd space group .sylnmetry (@, = \/ZaVH and ¢, = 2a,) (Jorgensen et al. 1984,
Kubhs et al. 1984). Similar to the situation for ice XV, the two networks in ice VIII

are as polar as they can be but because of the /4 /amd space group symmetry, the
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 Most recently, new Bragg peaks were discovered by three independent groups upon cooling DCl-doped ice VI at pressures greater than 1.6 GPa (Yamane et al. 2021, Gasser et al. 2021, Salzmann et al. 2021). In line with the deep-glassy ice VI scenario, these are consistent with the formation of a structurally distorted ice VI structure combined with potentially weak hydrogen ordering (Salzmann et al. 2021). Alternatively, it has been suggested that what is now called ice XIX displays considerable hydrogen order (Yamane et al. 2021, Gasser 2021 et al.).

Please add the following references:
* Christoph Salzmann, John S. Loveday, Alexander Rosu-Finsen, Craig L. Bull., Nat. Commun. 12 (2021) 3162
* Yamane, R.;  Komatsu, K.;  Gouchi, J.;  Uwatoko, Y.;  Machida, S.;  Hattori, T.;  Ito, H.; Kagi, H., Nat. Comm. 2021, 12, 1129.
* Gasser, T. M.;  Thoeny, A. V.;  Fortes, A. D.; Loerting, T., Nat. Comm. 2021, 12, 1128.



Chris
Cross-Out

Chris
Inserted Text
Nineteen

Chris
Cross-Out


94 Properties of Water from Numerical and Experimental Perspectives

polarities of the individual networks are cancelled so that ice VIII is antiferroelectric
overall. Recent in situ neutron diffraction work has shown that the ice VII to ice VIII
phase transitions slows down around 10 GPa but then becomes fast again at higher
pressures (Komatsu et al. 2020a). These findings have been attributed to a crossover
in the hydrogen dynamics and several of the previously observed anomalies of ice
VII in this pressure range (Okada et al. 2014, Noguchi and Okuchi 2016, Hirai et al.
2014) have been attributed to this phenomenon. Furthermore, the hydrogen ordering
of ice VII can be slowed down and partially prevented by using NH,F as a dopant
(Salzmann et al. 2019). Close to completely hydrogen-disordered ice VII can be
obtained by low temperature compression of HDA or ice VI to make a phase of ice
called ice VII’ (Hemley et al. 1989, Klotz et al. 1999).

Recovered at ambient pressure, ices VII” and VIII behave differently to the other
high-pressure phases of ice upon heating. Instead of transforming to ice Isd, they
form low-density amorphous ice (LDA) first (Klug et al. 1989, Klotz et al. 1999,
Klotz et al. 2005). Using Raman spectroscopy and X-ray diffraction, the LDA from
ice VIII was shown to be different compared to other types of LDA formed through,
for example, vapor deposition onto a cold substrate (Shephard et al. 2016),

Compression of ice VII beyond 60 GPa leads to the formation of cubic ice X
with Pn-3m space group symmetry (Stillinger and Schweitzer 1983, Polian and
Grimsditch 1984, Aoki et al. 1996, Teixeira 1998, Goncharov et al. 1996, Goncharov
et al. 1999). The hydrogen atoms in ice X are located halfway between the oxygen
atoms which means that the water molecules lose their molecular character as
shown in Fig. 1b. Experimentally, it has been shown that ice X persists up to at least
210 GPa (Goncharov et al. 1996). However, recent in sitfu Raman measurements have
suggested that the transition fromice VII toice X may notactually occur below 120 GPa
(Zha et al. 2016). Furthermore, incorporating LiCl into ice VII has been shown to
shift the phase transition from ice VII to ice X towards higher pressures (Bove et al.
2015). A variety of post-ice X phases have been predicted computationally (Benoit
et al. 1996, Militzer and Wilson 2010, Pickard et al. 2013).

Subjecting ice VII to sophisticated laser-driven shock-compression, superionic
ice XVIII with Fm-3m space group symmetry forms above 100 GPa and 2000 K
(Millot et al. 2018, Millot et al. 2019). The hydrogen atoms in ice XVIII are free to
move between the densely packed oxygen atoms. Ice XVIII has a melting point near
5000 K at 190 GPa which means that it may be present in the interiors of Neptune
and Uranus. A variety of other superionic ices have been predicted computationally
(Sun et al. 2015).

Ices XVI and XVII: The Empty Clathrate Hydrates

Two low-density ices can be accessed from the corresponding gas clathrate hydrates.
Several hundreds of hypothetical structures have been explored by computational
efforts in the search for new ice modifications, but hitherto, only two have been
realized experimentally (Kosyakov and Shestakov 2001, Matsui et al. 2017, Huang
et al. 2016, Huang et al. 2017).

Aneon clathrate hydrate with the cubic structure II can be formed by pressurizing
ice I/ t0 0.35 GPa at 244 K. By pumping the material to low pressures, the neon atoms
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ean escape the cages in the clathrate structure, leaving behind the empty clathrate
hydrate structure, which was named ice XVI (Falenty et al. 2014). Hydrogen-
disordered ice XVI contains 136 water molecules and three distinct oxygen sites
in its cubic unit cell with Fd-3m space group symmetry. The hydrogen bonds form
two types of empty cages as shown in Fig. 3. These cages consist of five- and six-
membered rings. The removal of neon from the cages during formation leads to a
volume increase, resulting in a density of 0.81 g cm—3;(Falenty et al. 2014). Recently,
refilling of the clathrate cages in ice XVI with helium led to the first reported helium
clathrate hydrate (Kuhs et al. 2018).

In a similar approach, a hydrogen-filled ice structure was first prepared by
exposing ice to ~ 0.4 GPa of H, gas at 255 K (Strobel et al. 2016). By pumping the
material at 120 K, hydrogen can be reversibly extracted from the clathrate hydrate
with C-type structure to obtain the empty clathrate named ice XVII (del Rosso
et al. 2016a). Reducing the H, content causes a decrease of the lattice parameter
¢, but an increase of a. The water molecules in the hexagonal unit cell of ice XVII
with space group P6,22 (or P6,22) and one distinct oxygen site form a network of
five-membered rings. This gives rise to interconnected spiral chains around spacious
hexagonal channels in the overall hydrogen-disordered structure (del Rosso et al.
2016b). In addition to ices III/IX, ice XVII displays a second type of chiral ice
structure. This type of structure was also recently found for a CO, clathrate hydrate
(Amos et al. 2017).

Conclusions

The exploration of water’s phase diagram started more than a century ago with the
work of Tammann and Bridgman (Tammann 1900, 1910, Bridgman 1912). Starting
with the development of piston cylinders to the modern-day laser shock-wave heating
experiments, new experimental techniques have always been tested with respect to
exploring the phase diagram of H,O to ever higher pressures and temperatures, and
there is no doubt that this trend will continue in the future. In addition to exploring
extreme pressure and temperature conditions, the last decade has seen a new trend
emerging with a large number of studies exploring the ‘chemical’ dimension of ice
research. This has included work on enabling hydrogen ordering with the help of
dopants, using small gas species as removable templates for growing low-density
ice phases, the formation of ‘salty’ ices with very high concentrations of dissolved
species and the selective disappearance of a phase of ice with the help of an impurity.
Knowing how ice behaves when mixed with other chemical species is of course
highly relevant for environmental research and the vast research area of clathrate
hydrates (Ripmeester et al. 2006, Loveday and Nelmes 2008). Interestingly, working
on this review we also realized that the intermediate pressure range, which includes
ices III, V, and II and their (dis)ordered counterparts, has actually not received as
much attention as the exploration of the higher-pressure phases. In any case, the H,0O
system will without doubt reveal many more secrets in the future and we can only
wonder what the next phase of ice will be.
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