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ABSTRACT
Ice III is a hydrogen-disordered phase of ice that is stable between about 0.2 and 0.35 GPa. Upon cooling, it transforms to its hydrogen-ordered
counterpart ice IX within the stability region of ice II. Here, the effect of ammonium fluoride doping on this phase transition is investigated,
which is followed for the first time with in situ neutron diffraction. The a and c lattice constants are found to expand and contract, respectively,
upon hydrogen ordering, yielding an overall negative volume change. Interestingly, the anisotropy in the lattice constants persists when ice IX
is fully formed, and negative thermal expansion is observed. Analogous to the isostructural keatite and β-spodumenes, the negative thermal
expansion can be explained through the buildup of torsional strain within the a–b plane as the helical “springs” within the structure expand
upon heating. The reversibility of the phase transition was demonstrated upon heating. As seen in diffraction and Raman spectroscopy, the
ammonium fluoride doping induces additional residual hydrogen disorder in ice IX and is suggested to be a chemical way for the “excitation”
of the configurational ice-rules manifold. Compared to ice VIII, the dopant-induced hydrogen disorder in ice IX is smaller, which suggests
a higher density of accessible configurational states close to the ground state in ice IX. This study highlights the importance of dopants for
exploring the water’s phase diagram and underpins the highly complex solid-state chemistry of ice.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0032485., s

INTRODUCTION

Ice III occupies the smallest region of thermodynamic stabil-
ity in the phase diagram of H2O.1,2 As shown in Fig. 1(a), it is
stable between approximately 0.2 and 0.35 GPa, and over a tem-
perature range of ∼10 K sharing triple points with the “ordinary”
ice Ih, ice II, ice V, and liquid water.3–5 Since ice III forms at quite
moderate pressures, it may be part of the ice shells of several of the
icy moons in the solar system.6–8 Its hydrogen-bonded network of
water molecules is isostructural with the keatite silica polymorph
and described by the tetragonal P41212 space group.9–13 This makes
ice III a chiral phase of ice,1 together with the recently discovered
ice XVII.14 The unit cells of ice III using the P41212 space group
and its enantiomorphic counterpart P43212 are shown in Fig. 1(b).
The structures contain two crystallographically distinct oxygen sites
and three different types of hydrogen bonds. A defining structural
feature is four-fold spirals along the crystallographic c axis, which,
depending on the space group, display a different handedness. The

spirals contain one type of hydrogen bond, whereas the other two
arise from water molecule hydrogen bonding to four neighboring
spirals.9–12

Originally, the hydrogen-bonded water molecules in ice III
were believed to be fully orientationally disordered.15,16 In diffrac-
tion, such a fully hydrogen-disordered structure can be described
with half-occupied hydrogen sites reflecting the average structure.
However, in situ neutron diffraction of ice III in its region sta-
bility has shown that the fractional occupancies of the six crys-
tallographically distinct deuterium sites deviate from ½.17–19 Con-
sidering the ice rules, the six occupancies can be described with
two order parameters α and β ranging from 0 to 1 and, hence,
can define the extent of hydrogen (dis)order of the hydrogen
bonds between and within the four-fold spirals, respectively.12

At 250 K and 0.3 GPa, α and β were found to take values
of 0.36 and 0.53.19 The small deviations from ½ mean that ice
III is classified as a partially ordered hydrogen-disordered phase
of ice.
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FIG. 1. (a) Phase diagram of pure ice (gray) and ice with 2.5 mol. % NH4F (blue).20

The experimental pathway using 2.5 mol. % ND4F in this study is indicated by full
black circles. (b) Unit cell of ice III/IX using the P41212 space group (top) as well
as the corresponding enantiomorphic space group P43212 (bottom). The crystal-
lographically distinct oxygen sites are shown as red and orange spheres, and the
hydrogen sites as smaller white spheres. The labeling of the atoms is as defined in
Ref. 12. The circular arrows indicate the handedness of the four-fold screw axes.

Upon cooling under pressure, ice III transforms to its anti-
ferroelectric hydrogen-ordered counterpart ice IX between 208 and
165 K.21 In Kurt Vonnegut’s novel Cat’s Cradle, “ice-nine” is a fic-
tional deadly form of ice that is stable under ambient conditions.21,22

In stark contrast to this, the real ice IX is always metastable with
respect to ice II at temperatures below the region of stability of ice
III.23 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.24,25 Using single-crystal neutron diffrac-
tion, it was shown that D2O ice IX contains a small amount of
residual hydrogen disorder (α = 0.034 and β = 0.051).12,17 The ice

III to ice IX phase transition is the only hydrogen-ordering phase
transition in ice observed so far, where the space group symmetry
does not change.9–12,17,26–29 Using density functional theory (DFT)
calculations, the experimental structure of ice IX was shown to dis-
play the lowest energy out of the four possible ordered arrangements
in P41212.30

The phase transition from ice III to ice IX upon cooling under
pressure was previously followed with dielectric spectroscopy,21

calorimetry,31 and Raman spectroscopy.32 It was found that cooling
rates greater than 1–2 K min−1 are needed in order to suppress the
transformation to the stable ice II.32,33 Upon heating, ice IX trans-
forms to the stable ice II typically between 190 and 210 K.3,21,31,32

So far, the phase transition has not been followed by diffraction
techniques.

Recently, we have shown that the fully hydrogen-ordered ice II
can be selectively destabilized using small amounts of ammonium
fluoride (NH4F) doping so that ice III becomes the stable phase at
0.3 GPa.20 The mechanism for this is that NH4F acts as a hydro-
gen disordering agent, which has also recently been demonstrated
for the ice VII to ice VIII phase transition.34 Since ice III is already
hydrogen-disordered, its free energy is not significantly affected by
the NH4F dopant.

Ice and NH4F have generally been found to mix very well. At
ambient pressure, for example, ice Ih forms a solid solution with
NH4F up to ∼8 mol. %, which is followed by the formation of mono-
hydrate at higher NH4F concentrations.35–37 At the other end of
the composition range and on the basis of the hygroscopic nature
of NH4F, it can be assumed that solid solutions of H2O in NH4F-
I exist. NH4F-I is isostructural with ice Ih, but stacking-disordered
versions of NH4F-I have been shown to exist.38 The high solubil-
ity of NH4F in ice has been explained by the similar length of the
O–H⋯O and N–H⋯F hydrogen bonds, which differ by less than
2%.39 The lengths of the mixed O–H⋯F and N–H⋯O hydrogen
bonds in solid solutions can be expected to be even more similar
compared to the O–H⋯O hydrogen bonds. In addition to ice Ih,
NH4F has been shown to be soluble in clathrate hydrates.40,41 The
solubility of NH4F in ice III was demonstrated on the basis of small
changes in the lattice constants as a function of NH4F concentra-
tion.20 Furthermore, it was shown computationally that there is no
energetic gain for bringing the NH4

+ and F– ions into close con-
tact within an ice III matrix, which would represent the first step
for phase separation.20 Overall, the solubility of NH4F in ice materi-
als is highly remarkable since most other ionic species such as NaCl
display very low solubilities in ice.23

Here, we investigate the effect of 2.5 mol. % ammonium fluo-
ride doping on the ice III to ice IX phase transition upon isobaric
cooling at 0.3 GPa using in situ neutron diffraction, and we test
the reversibility of the phase transition upon isobaric heating. The
hydrogen-disordering effect of the dopant on ice IX is quantified
and compared with the effects found for ice VIII. Using density
functional theory, the differences in the lattice constants between
ice III and ice IX are predicted for the pure ices and compared
with the experimental ones obtained from the doped sample. The
hydrogen-disordering effect of ammonium fluoride on ice IX is also
followed with Raman spectroscopy as a function of the ammonium
fluoride concentration. Finally, we investigate the phase transitions
of ammonium fluoride doped ices as the pressure is increased to
0.5 GPa.
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EXPERIMENTAL AND COMPUTATIONAL METHODS

Deuterated ammonium fluoride (ND4F) was obtained by dis-
solving NH4F (99.99% trace metal basis) in an excess of deuterated
water (99.9% D) followed by the complete evaporation of the liquid
by boiling under a constant flow of dry nitrogen gas. To ensure com-
plete deuteration, the dissolution in D2O followed by evaporation
was repeated twice. The resulting dry ND4F powder was stored in a
desiccator and used to prepare a 2.5 mol. % solution in D2O. Com-
plete deuteration was confirmed from the absence of N–H stretching
modes in Raman spectroscopy. All ND4F solutions were prepared
and handled in polyethylene containers.

A few milliliters of the 2.5 mol. % solution were frozen in a
porcelain pestle and mortar precooled with liquid nitrogen. After
grinding for a few minutes, the fine powder was transferred into a
cylindrical TiZr cell with a Bridgman seal at the bottom, which was
attached to a gas-intensifier unit while keeping the pressure cell cold
with external dry ice. Argon gas was used as a pressure medium.
To create a seal, the pressure was quickly increased to 1500 bars and
then released again. For temperature measurements, a thermocouple
was attached to the TiZr cell with a copper ring. The gas cell was then
mounted onto a cryostat stick and lowered into a helium cryostat
precooled to 200 K on the PEARL beamline at ISIS.42 The temper-
ature/pressure pathways of the experiment are shown in Fig. 1(a).
For ices III/IX, two long runs were recorded at 210 and 150 K for
1500 μA h of proton current (∼10 h), while shorter runs of 150 μA h
(∼1 h) were recorded at the other temperatures. All neutron diffrac-
tion patterns were collected at 90○ scattering angle and analyzed
using the GSAS software.43 The ice IX structure from Ref. 12 was
generally found to be the best start structure for the refinements.

For Raman spectroscopy, H2O ice III/IX samples with 0, 2.5,
and 5.0 mol. % NH4F were prepared by isobaric heating of ice Ih at
0.3 GPa using a piston cylinder setup as described in Ref. 20. To be
able to record decoupled O–D stretching modes, each sample con-
tained 5 mol. % deuterium. Once the ice III had formed, the samples
were quenched with liquid nitrogen while maintaining the pressure
at 0.3 GPa. Upon reaching liquid nitrogen temperature, the samples
were decompressed, recovered from the pressure die under liquid
nitrogen, and transferred into a MicrostatN cryostat from Oxford
Instruments precooled to 80 K. The Raman spectra of the samples
were recorded at 80 K using a Renishaw Ramascope spectrometer
equipped with a 632.8 nm He–Ne laser in static mode and co-adding
four spectra.

In addition to the in situ neutron diffraction experiments at
0.5 GPa with a 2.5 mol. % ND4F-doped sample, pure ice Ih and
doped H2O samples with 0.05, 0.10, 0.25, 0.50, 1.00, and 2.50 mol. %
NH4F were heated isobarically at 0.5 GPa and ∼3 K min−1 in a
hardened-steel pressure die from liquid nitrogen temperature to the
melting point while recording the piston displacements required to
keep the pressure constant. The ice samples were encased in indium
cups, and the melting point was detected from water leaking from
the pressure setup, which was often accompanied by a “creaking”
sound. The phase identities of the samples at various temperatures
and NH4F concentrations were confirmed with x-ray diffraction.44

Density functional theory calculations were performed with
the quickstep module of the CP2K code45 using the PBE (Perdew-
Burke-Ernzerhof) functional, and dispersion corrections were
implemented through the Grimme D3 scheme.46 Double zeta

“MOLOPT” basis sets were used in conjunction with a 1200 Ry
cutoff. All cell relaxations were performed without any constraints
on the symmetry or the cell parameters. For the four possible
configurations of ice IX, we used 2 × 2 × 2 supercells. Direct
cell optimizations were performed with a simultaneous update of
coordinates and cell parameters.

RESULTS AND DISCUSSION

As shown in Fig. 2(a), the neutron diffraction experiment
started with the compression of a 2.5 mol. % ND4F-doped ice Ih
sample from ambient pressure to 0.3 GPa while increasing the tem-
perature to 210 K. In line with our previous experiments, the com-
pression resulted in the transformation of ice Ih to ice III and a small
amount of the cubic structure II argon clathrate hydrate due to the
pressure medium [see Figs. 2(b) and 2(c)].20 To probe the formation
of ice IX, the sample was then cooled to 150 K while keeping the
pressure constant at 0.300 GPa. This was achieved over a period of
∼12 h while recording powder patterns at least every 10 K.

The formation of ice IX upon cooling can be seen from the
merging of the 102 and 201 Bragg peaks around 3 Å as the tetrago-
nal ice III transforms into ice IX, which is close to pseudo-cubic.9–12

A similar merging of peaks is also seen for the weaker 112 and 211
Bragg peaks just above 2.7 Å. The reversibility of the phase transi-
tion is demonstrated upon heating to 220 K when the two groups of
peaks split again.

FIG. 2. (a) Changes in temperature and pressure during the neutron diffraction
experiment. (b) Neutron diffraction patterns of the D2O plus 2.5 mol. % ND4F sam-
ple displayed as a contour plot. A color scale bar is shown in the top right-hand
corner. (c) Changes in weight fractions of ice Ih, ice III/IX, cubic structure II argon
clathrate hydrate, and ice V as the experiment progressed.
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FIG. 3. (a) and (b) Lattice constants and (c) unit-cell volume of D2O ice III/IX with
2.5 mol. % ND4F recorded upon cooling from 210 K (blue diamonds) and subse-
quent heating at 0.3 GPa (red circles). Data points obtained upon heating from
200 K (gray squares) are taken from Ref. 34.

The changes in lattice constants and unit-cell volume upon
cooling ice III from 210 K are shown as blue diamonds in Fig. 3.
The a lattice constant changes very little initially and then begins
to increase below 200 K. This change in slope seems to indicate the
onset of the phase transition from ice III to ice IX. Interestingly, it
is difficult to spot an end point of the phase transition as the a lat-
tice constant continues to increase upon cooling below 160 K. In the
case of pure ice III, the a lattice constant has been shown to con-
tract between 250 K and 240 K at 0.25 GPa.19 In Ref. 20, we heated a
2.5 mol. % ND4F sample from 200 K to 250 K. Due to the incon-
gruent melting, only the lattice constants up to 225 K were included
as gray squares in Fig. 2. Upon partial melting, the ND4F may be
enriched in the liquid phase, thereby changing the composition of
the solid ice phase. This would be problematic since the amount of
dissolved ND4F affects the lattice constants of ice slightly.20,35,37 For
the a lattice constant, a minimum is observed in these data at 215
K. All in all, the a lattice constant appears to contract at first upon
cooling ice III from its region of stability followed by a plateau and
then an expansion as the sample undergoes the phase transition to
ice IX. This expansion seems to continue upon cooling even once ice
IX has fully formed.

The c lattice constant contracted as pure ice III is cooled from
250 to 240 K at 0.25 GPa.19 From the data shown in Fig. 3(b), it can
be seen that c contracts at all temperatures as our sample was cooled.
The most pronounced changes in c are observed during the ice III
to ice IX phase transition in the 200–170 K temperature range. The
temperature range in which the phase transition is observed seems

to agree with previous studies of pure ice samples using dielectric
spectroscopy,21 calorimetry,31 and Raman spectroscopy.32

The volume changes of the unit cell in Fig. 3(c) show decreases
as ice III is cooled and during the phase transition to ice IX.
Interestingly, below 160 K, the volume increases upon cooling to
150 K, which is caused by the expansion in a. Anisotropic ther-
mal expansion and overall negative thermal expansion have also
been observed for the isostructural keatite13 and some related β-
spodumenes (Li2O ⋅Al2O3 ⋅ nSiO2).47 In the case of those materials,
the contraction of the a–b plane upon heating has been explained by
the formation of torsional stress as the helical springs expand upon
heating. It seems possible that a similar phenomenon is at play in
ND4F-doped ice IX as well at low temperatures and 0.3 GPa. Neg-
ative thermal expansion has also been observed for the “ordinary”
ice Ih.48,49 However, compared to ice IX, this was observed below
73 K48 or 60 K,49 and it did not go along with the anisotropic behav-
ior of the lattice constants. Unfortunately, it was not possible to cool
ice IX further at 0.3 GPa because the freezing point of argon would
have been reached, which would have resulted in the loss of pres-
sure. In addition, helium or neon could not have been used as the
pressure media since they are known to stabilize the ice II structure
by intercalation.50–53

Heating of the ice IX sample shows some remarkable hystere-
sis effects. Both the a and the c lattice constants “overshoot” the
phase transition back to ice III upon heating to 220 K, as shown in
Fig. 3. In fact, only upon cooling to 210 K from 220 K was equi-
librium established, and the lattice constants agreed with those of
the ice III measured before the cooling at both 210 K and 200 K.
The sluggish hydrogen-disordering kinetics may be a general fea-
ture of the ice IX to ice III phase transition. However, some of this
effect could be due to the ND4F doping, which has previously been
shown to slowdown the hydrogen ordering kinetics of the ice VII
to ice VIII phase transition.34 Hydrogen-(dis)ordering phase tran-
sitions require the collective reorientation of water molecules along
traveling defect pathways within the crystal.25 The incorporation of
ND4

+ and F− point defects into the hydrogen-bonded network is
thought to terminate such defect pathways, which then overall slows
down hydrogen (dis)ordering processes.

The effect of ND4F doping on the extent of hydrogen (dis)order
of ice III at 210 K and of ice IX at 150 K was investigated in a next
step. Figure 4 shows the Rietveld fits to the diffraction data at these
two temperatures. For ice III at 210 K, the two order parameters were
refined as α = 0.456 and β = 0.454. For the shorter runs, it was unfor-
tunately not possible to extract such information. Previously, for
pure ice III, these values were determined as 0.36 and 0.53, respec-
tively, at 250 K and 0.3 GPa.19 The extent of partial order observed
in ND4F-doped ice III at 210 K, therefore, seems to be the conse-
quence of the disordering effect of ND4F doping on the α parameter
and partial ordering due to the lower temperature for β. In any case,
both order parameters are slightly below ½, which is already the cor-
rect trend with respect to the hydrogen ordering toward ice IX at
lower temperatures.

The ND4F-doped ice IX at 150 K displays α = 0.137 and β
= 0.169. For pure D2O ice IX, α and β were determined as 0.034 and
0.051, respectively, highlighting a small degree of residual hydro-
gen disorder in ice IX.12 This illustrates that the ND4F doping is
capable of inducing hydrogen disorder within ice IX as it has been
previously observed for ice VIII.34 However, it is important to point
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FIG. 4. Rietveld analysis of (1) ND4F-doped ice III at 210 K and 0.3 GPa and (2)
ND4F-doped ice IX at 150 K and 0.3 GPa. The experimental data are shown as
black circles, red or blue lines are the Rietveld fits, and gray lines are the differ-
ences between the experimental data and the Rietveld fits downshifted for clarity.
The tick marks under each diffraction pattern are for ice III/IX (bottom) and cubic
structure II argon clathrate hydrate54 (top). The two insets show magnifications of
the most intense peaks.

out that the way ice IX becomes hydrogen-ordered is not changed
by the ND4F dopant. In principle, either one or both of the order
parameters could tend toward one instead of zero and, thereby, form
a different hydrogen-ordered structure. In addition, as previously
observed for pure ice IX, α < β for the ND4F-doped sample, indicat-
ing that the hydrogen sites that are more disordered in pure ice IX
are also more disordered in the ND4F-doped sample. The complete
crystallographic information of the ND4F-doped ice IX is given in
Table I.

The incorporation of lithium halides into ice VII has been
shown to result in “diffuse Huang scattering.”55,56 This means that
the dopant causes a local distortion of the crystalline structure of
the parent material, which manifests in “tails” at the Bragg peaks.
Close inspection of the shapes of the most intense Bragg peaks of our
diffraction data of ND4F-doped ices III/IX shows an absence of such
scattering features (cf. insets in Fig. 4). The absence of diffuse Huang
scattering could have two reasons. First, we used a smaller salt to
water ratio of 1:40 compared to the 1:6 ratio used by Klotz et al.55,56

Second, as discussed earlier, the hydrogen bond lengths between the
NH4

+ and F− ions and H2O are quite similar compared to those
in pure ice. The incorporation of those ions into ice is, therefore,
expected to lead to quite small local distortions and, hence, no sig-
nificant Huang scattering. The small effects on the intensities of the
Bragg peaks, due to the different scattering lengths of N and F with
respect to O, are fully captured in the Rietveld refinements using the
model shown in Table I.

The hydrogen-disordering effect of ammonium fluoride dop-
ing on ice IX was also followed spectroscopically. Figure 5 shows
the decoupled O–D stretching modes of pure and ammonium flu-
oride doped H2O ice IX samples containing 5 mol. % deuterium.
The spectra were recorded at 80 K and ambient pressure. Decou-
pled stretching modes of ice arise from spatially separated O–D
oscillators within H2O materials and are, therefore, not affected by
the intra- and intermolecular coupling that is seen for the O–H
stretching modes.57,58 The peak position of a decoupled O–D
stretching mode has been shown to correlate with the length of
the corresponding hydrogen bond.59,60 The orientational disor-
der of the water molecules in hydrogen-disordered phases of ice
induces positional disorder of the oxygen atoms, which then leads
to broader spectroscopic features in the decoupled O–D stretching
modes. Hydrogen-ordered phases of ice on the other hand display
sharp spectroscopic features in the decoupled O–D stretching mode
region.32,61–65

The Raman spectrum of pure ice IX shown in Fig. 5 is con-
sistent with other spectra in the literature.62 The hydrogen order is
reflected in two rather sharp spectroscopic features at 2451 cm−1 and

TABLE I. Fractional atomic coordinates, fractional occupancies, order parameters and isotropic atomic–displacement parameters (Uiso) of D2O P41212 ice IX with 2.5 mol. %
ND4F at 150 K and 0.300 GPa. The lattice constants are a = 6.672 55(8) Å and c = 6.800 55(15) Å. Numbers in parentheses are statistical errors of the last significant digit of
refined quantities. The occupancies related to the oxygen, nitrogen and fluorine atoms were calculated from the ND4F concentration of the initial solution.

Atom label Atom type x y z Occupancy Order parameter U iso ∗ 100

O1 O 0.1022(3) 0.3028(3) 0.2861(4) 0.9512 . . . 2.90(4)
O2 O 0.3908(4) 0.3908(4) 0.0000 0.9512 . . . 2.90(4)
D3 D 0.2181 0.3289 0.1809 0.136(1) α 2.96(2)
D4 D 0.1344 0.3930 0.3866 0.169(1) β 2.96(2)
D5 D 0.0188(5) 0.3337(3) 0.2145(3) 0.831(1) 1 − β 2.96(2)
D6 D 0.1152(4) 0.1624(3) 0.3035(3) 0.863(1) 1 − α 2.96(2)
D7 D 0.3009(3) 0.3604(4) 0.1070(3) 0.864(1) 1 − α 2.96(2)
D8 D 0.3687 0.5494 −0.0216 0.137(1) α 2.96(2)
N1 N 0.1022(3) 0.3028(3) 0.2861(4) 0.0244 . . . 2.90(4)
N2 N 0.3908(4) 0.3908(4) 0.0000 0.0244 . . . 2.90(4)
F1 F 0.1022(3) 0.3028(3) 0.2861(4) 0.0244 . . . 2.90(4)
F2 F 0.3908(4) 0.3908(4) 0.0000 0.0244 . . . 2.90(4)
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FIG. 5. Raman spectra (λ0 = 633 nm) of the decoupled O–D stretching modes of
pure ice IX and doped with 2.5 mol. % and 5.0 mol. % NH4F. All samples contain
5 mol. % deuterium. The spectra were collected at 80 K and ambient pressure.

2462 cm−1. The addition of 2.5 mol. % NH4F leads to significant
broadening so that the entire spectroscopic feature appears as one
broad peak. The full-width-at-half-height (FWHH) of the feature
increases from 40 to 44 cm−1 as the amount of NH4F is increased
from 2.5 to 5.0 mol. %. The general shape of the spectroscopic fea-
ture resembles that of ice III previously collected at 0.28 GPa and
246 K.62 In addition to the neutron diffraction data presented ear-
lier, these spectroscopic effects illustrate the hydrogen-disordering
effect of NH4F doping very nicely. In line with the changes in lattice
constants and computational calculations in Ref. 20, the spectra also
indicate that the NH4F dopant forms a solid solution with the ice IX.
Any phase separation between NH4F and H2O would be expected to
result in the formation of a small sharp feature associated with the
decoupled NH3–D mode of pure ammonium fluoride.

With the report of the hydrogen-disordering effect of NH4F
doping on ice IX, it has now been established that all phases of
ice that hydrogen-order without the help of a dopant upon cooling
can be hydrogen-disordered with NH4F. In a next step, it is inter-
esting to compare the extent of the hydrogen-disordering effect of
NH4F on these phases. In the case of fully hydrogen-ordered ice
VIII, doping with 2.5 mol. % NH4F changed the single order param-
eter from 0 to 0.156.34 As mentioned above, for ice IX, the changes
using the same amount of NH4F doping are 0.034 → 0.137 and
0.051 → 0.169, which correspond to changes of 0.103 and 0.118,
respectively. The hydrogen-disordering effect of 2.5 mol. % NH4F
is, therefore, slightly less in ice IX than it was for the fully hydrogen-
ordered ice VIII. For the fully hydrogen-ordered ice II, the disorder-
ing effect of NH4F was to such an extent that it led to its complete
destabilization.20

The presence of residual hydrogen disorder in pure ice IX as
opposed to the pure ices II and VIII implies a higher density of par-
tially disordered states close to the energetic ground state. This is
now nicely illustrated by the NH4F doping experiments. In a sense,
NH4F doping can be seen as a chemical way to achieve “excita-
tion” within the configurational ice-rules manifold. Compared to
the partially disordered ice IX, the NH4F doping achieves a greater
“excitation” away from the ground state in the cases of the fully
hydrogen-ordered ices II and VIII.

Since the changes in lattice constants determined earlier were
obtained from a ND4F-doped sample, it is interesting in a next step
to ask the question if the changes would be similar for pure ice III/IX

samples. To address this question, lattice constants for the four pos-
sible hydrogen-ordered arrangements of ice IX in P41212 were calcu-
lated using Density Functional Theory (DFT) both with and without
considering dispersion interactions46 using the PBE functional.66,67

The results are shown in Fig. 6 as the ratios of the lattice constants
with respect to the averages of all four configurations. This is thought
to provide a measure for how the lattice constants behave relative to
the hydrogen-disordered state.

The first configuration, with α = 0 and β = 0, corresponds to the
experimental configuration found for ice IX both previously and in
this study. The DFT calculations predict a small increase in a and a
more substantial decrease in c for the transition from ice III to ice
IX. Including dispersion interactions in the calculations makes both
changes somewhat larger. For the second configuration (α = 1 and
β = 0), the same trends are observed. However, the changes in the
lattice constants are more pronounced. Reverse trends with a con-
tracting and c expanding are predicted for the third configuration
(α = 0 and β = 1), which is in clear contradiction with the experi-
mental observations. Finally, the fourth configuration (α = 1 and β
= 1) displays weakly positive changes for both lattice constants. From
the changes in lattice constants determined in Fig. 3, it is difficult
to extract accurate values for the hydrogen ordering phase transi-
tion since the temperature window of the phase transition is large
and the effects of temperature overlap with those from the ordering
transition. Nevertheless, the predicted changes for configurations 3
and 4 are in clear disagreement with the experimental observations.
The changes predicted by the second configurations are significantly
too large considering the experimental changes. For example, if a c
value of 6.8 Å is taken for ice IX, this would imply a c lattice constant
for ice III of about 7.08 Å, which is clearly outside the experimen-
tally feasible range. The predicted changes in the lattice constants of
the first configuration are the ones that most closely resemble the
experimental ones of the doped sample. Including dispersion inter-
actions appears to be important for achieving c/a ratios close to the
pseudo-cubic experimental structure of ice IX. The ratios changed
from 1.13 to 1.05 upon including dispersion interactions for the first
configuration.

FIG. 6. Ratios of the calculated lattice constants of the four possible ice IX config-
urations with order parameters α and β divided by the averages of all four config-
urations. The ratios are given with and without considering dispersion interactions
in the calculations.
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It is interesting to note that the volume change for the ice III
to ice IX phase transition is negative. This is in contrast with the
ice VI to ice XV phase transition for which a positive volume change
has been observed upon hydrogen ordering.68 The positive volume
change enabled us to suppress hydrogen ordering at pressures lead-
ing up to ∼1 GPa and to isolate so-called “deep glassy states” of ice
VI.69,70 Considering the negative volume change of the ice III to ice
IX phase transition, obtaining hydrogen-disordered ice III at low
temperatures by increasing the pressure seems, therefore, difficult.
However, a way forward could be to increase the ammonium fluo-
ride concentration beyond 2.5 mol. %, which is expected to further
slowdown the hydrogen kinetics upon cooling. Interesting trends in
the lattice constants have also recently been observed for the ice VII
to ice VIII phase transition.71 However, it is at present unclear if the
volume change is positive or negative.

In a final step of the neutron diffraction experiment, the ice III
sample was compressed to 0.5 GPa while heating from 200 to 246 K,
as shown in Figs. 1(a) and 2. Consistent with our previous piston–
cylinder experiments,20 the phase transition to ice V was observed at
about 0.4 GPa. Upon cooling from 246 to 203 K, which is within the
region of stability of ice II in the case of pure ice, the ice V persisted
as expected since the ND4F doping prevents the formation of ice II.

To explore the disappearance of ice II at 0.5 GPa upon the addi-
tion of NH4F more systematically, pure and NH4F-doped H2O ice
Ih samples were heated isobarically at 0.5 GPa while recording the
volume changes. The resulting data are shown in Fig. 7 as a three-
dimensional contour plot in analogy with the corresponding figure
for 0.3 GPa in Ref. 20. Following a metastable “plateau” of ice III/IX
between about 170 and 190 K, ice II disappears between 0.1 and
0.25 mol. % NH4F and is entirely replaced by the denser ice V from
0.25 mol. % onward. This is in contrast to the situation at 0.3 GPa,
where the less dense ice III exists instead of ice II.20 Furthermore, at

FIG. 7. Volume changes recorded upon isobaric heating at 0.5 GPa of pure ice Ih
and doped samples with 0.05, 0.10, 0.25, 0.50, 1.00, and 2.50 mol. % NH4F.

0.3 GPa, slightly larger amounts of NH4F between 0.25 and 0.50
mol. % were required for the complete disappearance of ice II. In
Ref. 20, we argued that the ice II disappearance starts when the solu-
bility limit of NH4F in the coexisting hydrogen-disordered phase is
reached. The slightly smaller amounts of NH4F required at 0.5 GPa
compared to 0.3 GPa, therefore, suggest that NH4F is less soluble in
ice V than it is in ice III.

CONCLUSIONS

The ice III to ice IX phase transition of samples doped with
2.5 mol. % ND4F was followed with in situ neutron diffraction. The
hydrogen ordering phase transition in the 200 to 170 K temperature
window goes along with an expansion in the a lattice constant and
contraction in c, which corresponds to the shrinking of the helical
springs in the crystal structure. Overall, the volume decreases dur-
ing the ice III to ice IX phase transition. Below 160 K, the a lattice
constant continues to expand, which interestingly leads to a volume
expansion as the ice IX is cooled. This unusual behavior has pre-
viously been observed for the isostructural keatite and related spo-
dumene materials and has been attributed to the buildup of torsional
strain within the a–b plane as the helical “springs” contract.

The reversibility of the ice IX to ice III phase transition
upon heating has been demonstrated including significant hystere-
sis effects. This may be enhanced by the ND4F dopant, which is
known to slowdown hydrogen (dis)ordering kinetics. Interestingly,
the hydrogen-disordering effect of ND4F on ice IX was found to be
less compared to ice VIII. This led us to propose that doping with
ammonium fluoride can be regarded as a chemical way to achieve
“excitation” of the configurational ice-rules manifold. In the case of
ice IX, the ND4F doping indicates a higher density of states close to
the ordered ground state compared to, for example, ices II and VIII.
It can now also be concluded that all hydrogen-ordered phases of ice
that form in the absence of dopants (i.e., ices IX and VIII) can be
hydrogen-disordered with ammonium fluoride doping. These find-
ings underpin once more the highly complex solid-state chemistry
of ice.
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