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Abstract
Highly ordered deuterated ices have been inaccessible in the past due to the unfavorable slow kinetics. On the example of ice XIV, we 
introduce three strategies in this study that enhance the degree of order compared with the literature approach of slow cooling. These 
strategies involve (i) isothermal annealing under pressure, (ii) aging at 77 K, and (iii) introducing isotope defects in addition to the 
previously used strategy of acid/base doping. We employ the techniques of calorimetry, dielectric relaxation spectroscopy, volumetry, 
and powder X-ray diffraction to investigate orientational order on the example of the ice XIV–XII order–disorder pair. These strategies 
allow us to access highly ordered D2O-ice XIV, tripling the degree of order reached in previous work. These strategies can be employed 
for other ice phases and hold the potential for future discoveries of new forms of ice with distinct material properties.

Significance Statement

Water ices directly crystallizing from the liquid show a long-range order of oxygen atoms but disordered hydrogen atoms. At low tem
peratures, hydrogen ordering is thermodynamically favored but often geometrically frustrated. This is especially true for D2O ices, 
which are key for structure determination by neutron diffraction. For the ice XII–XIV pair, we present powerful strategies for unlocking 
the highest degree of order, namelyintroduction of ionic and Bjerrum point defects,H/D isotope mixing,isothermal pressure anneal
ing, andlong-time storage. The new protocol allows for a tripling of the degree of order relative to the previously known weakly or
dered ice XIV, where calorimetry, X-ray diffraction, and dielectric spectroscopy data provide clues that highly ordered ice XIV 
represents a distinct ice polymorph.
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Introduction
Since 1998, ices XII–XIX (1–9) and cubic ice without stacking dis
order (10, 11) have been discovered—on average, a new ice phase 
in less than every three years. Recently, ice XX was also proposed 
(12). In contrast, between the discoveries of ice XI (13) and ice XII 
(1) >25 years passed, demonstrating that the field of ice physics is 
more active than ever. A major fruitful driving force has been the 
search for disorder–order pairs. For four of the newly discovered 
ordered phases, namely the ices XIII, XIV, XV, and XIX, a disor
dered counterpart was previously known. In contrast, several oth
er ice phases are still “missing” an ordered counterpart, namely 
cubic ice, ice IV, ice XVI, and ice XVII. The recent discovery that 
ice VI has even two differently ordered counterparts (7–9) suggests 
that for other ices also, a multiplicity of ordered phases may exist. 
A major obstacle on the way to their discovery are the sometimes 
extremely slow ordering kinetics (8). Therefore, experimental 
strategies aimed at accelerating the ordering process of the hydro
gen or deuterium atoms in the ice lattice are key for uncovering 
new ice polymorphs. The present work outlines a new strategy 

to achieve this goal and identifies a new candidate for a second 
ordered polymorph related to ice XII. Yet, the interest in revealing 
stable and metastable ice polymorphs and, hence, in completing 
the phase diagram is only one of the reasons to explore different 
ice phases and their order–disorder transitions. High-pressure 
ice phases are found in the interior of ice giants, icy moons, and 
even in the interior of the Earth (14, 15). Ordered and disordered 
ice phases differ markedly in several properties of practical im
portance: ordered phases feature vacuum permittivities (dielec
tric constants) of 2–3, whereas for disordered counterparts, they 
can exceed 100 (16). Furthermore, disordered phases show plastic 
flow and high creep: the best-known example is the flow of disor
dered, hexagonal ice in glaciers. In contrast, ordered phases do not 
flow and are much more brittle (17, 18). This difference is very im
portant for an understanding of the inner structure of icy moons. 
There, it is crucial whether ordered ice II or disordered ice III exists 
at depths in which the pressure is about 0.5 GPa (19, 20). 
Furthermore, knowledge of how stable hydrogen-bonded net
works arrange themselves holds the key for understanding 
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many-body interactions (21)—and hence, every new ice phase 
aids in improving intermolecular potentials for computer simula
tions (22, 23).

In the present work, we study ices XII and XIV, which share the 
same type of oxygen network. Tetragonal ice XII (space group 
I4̅2d ) can be made by crystallizing liquid water (1) or by rapidly 
heating high-density amorphous ice (HDA)(24–26) at pressures be
tween 0.8 and 1.9 GPa. The unique feature of ice XII is a right- 
handed double helix of water molecules. Orthorhombic ice XIV 
(space group P212121) is the hydrogen-ordered phase related to 
ice XII and was first experimentally identified by Salzmann et al. 
(2) with accompanying simulations by Tribello et al. (27). It forms 
when doped ice XII is slowly cooled to <100 K (2). To accelerate 
hydrogen ordering, intentional HCl doping is used, which induces 
point defects on the ice lattice, i.e. Bjerrum L defects and positively 
charged ionic defects. These defects enhance the reorientation 
dynamics so that the water molecules retain their mobility 
down to low temperatures (28–30). Without a dopant, the reorien
tational dynamics in ice XII are hampered, and below 129 K, the 
dynamic proton disorder in ice XII freezes into an orientational 
glass (31), where the H-atom positions remain disordered. HCl 
doping enhances the dipolar relaxation dynamics by up to four or
ders of magnitude (28, 32). It has not been fully understood yet 
why some dopants enhance the hydrogen-ordering process and 
others do not (33, 34).

However, it is clear that HCl doping increases the dielectric dy
namics in ice XII/XIV by four to five orders of magnitude, thereby 
facilitating the formation of a hydrogen-ordered low-temperature 
phase (28, 29).

The Pauling entropy ΔSP represents the difference between the 
entropies of a fully H-ordered and fully H-disordered ice structure 
(35). Here, we determine the degree of order using calorimetry and 
express it as a fraction of ΔSP. To this end, we integrate the disor
dering endotherm to obtain the heat of disordering and divide it by 
the onset temperature Tonset of the disordering transition. 
Assuming quasi-equilibrium conditions (according to the Gibbs– 
Helmholtz equation), this yields the fraction of Pauling entropy 
ΔSP. Our recent work (28, 29) revealed that H2O-ice XIV can feature 
two limiting levels of order: about 15–20% of ΔSP result upon fast 
cooling, while up to 60% can be reached when slower cooling is 
employed. Linking this finding to neutron diffraction data, the 
15–20% order can be attributed to the partial order of the H6, 
H9, H11, and H15 sites (2). The crystallographic origin of the 60% 
ordered ice XIV remains unclear. This high degree of order could 
not be reached previously for deuterated samples, though. To 
the best of our knowledge, the highest degree was reported to be 
about 25% for a D2O sample cooled at 0.81 GPa at 0.6 K min−1 

(29). Consequently, previous neutron diffraction studies of ice 
XIV have suffered from weak ordering of the deuterium atoms 
(2). From the preparation protocol used in these diffraction experi
ments (slow cooling at 0.8 K min−1 and 0.81 GPa [2]), we estimate 
the degree of order in the published crystal structure of ice XIV 
to be about 15–20% of ΔSP (see Fig. 1c in Fuentes-Landete et al. 
[29]). This low degree of order is caused by the very slow dynamics 
of the D-atom sublattice: in deuterated samples, the dielectric dy
namics were found to be about 40 times slower than for protiated 
samples (29). Consequently, it is harder and more time- 
consuming to reach high degrees of order in deuterated ice XIV.

The aim of the present work is to unravel the factors that gov
ern deuterium ordering in ice XII/XIV. To this end, we infer the de
gree of deuterium order based on calorimetry and study the 
reorientational dynamics using dielectric relaxation spectros
copy. We focus on three specific aspects that impact D-ordering: 

(i) H/D isotope mixing, (ii) isothermal annealing under pressure, 
and (iii) aging at 77 K. Item (i) has been successful in accelerating 
the deuterium dynamics when studying the ordering in the ice VI/ 
XV/XIX trio (7). Here, we will assess whether or not the strategy of 
introducing faster H-atoms in the bath of D-atoms facilitates D- 
ordering in the ice XII/XIV system. Item (ii) should help to relax 
a sample faster than by simple cooling—where the choice of a 
proper annealing temperature is key. It needs to be high enough 
to allow for the order to develop at a significant rate, but it needs 
to be below the equilibrium temperature for the transition be
tween ice XII and ice XIV. For deuterated samples, this tempera
ture is 106 K (29) and so we have chosen 94 K as an annealing 
temperature. Item (iii) has turned out to be relevant in work on 
ice XIV since the relaxation times for ice XII/XIV at 77 K are only 
about 10 days (29). Therefore, the ordering continues slowly, but 
steadily during sample storage in liquid nitrogen. Here, we quan
tify the aging effect for ice XIV and exploit it when striving to reach 
the thermodynamically most stable phase, highly ordered deuter
ated ice XIV. Furthermore, we also carry out X-ray diffraction 
measurements to assess changes in the lattice symmetry. 
Although this technique mainly reveals the oxygen positions, 
the electric field exerted by the ordered or disordered light atoms 
can give rise to slight shifts in the O-atom positions. Hence, an in
crease in order can distort the crystal system from tetragonal ice 
XII to orthorhombic, monoclinic, or triclinic. This then results in 
the splitting of several Bragg peaks. Such splittings are not well re
solved in laboratory powder X-ray diffraction experiments of 
weakly ordered ice XIV. However, when using Cu-Kα radiation, 
for highly ordered H2O ice XIV, splittings were found at 2θ =  
34.1° (hkl = 310) and 39.6° (hkl = 301) (28, 29).

Results
Deuterium ordering inferred from in situ 
volumetric measurements
First, we compare continuous slow cooling as applied by the pre
vious preparation protocol (2, 28) with the novel protocol involving 
isothermal annealing by in situ volumetry. In both cases, we start 
with deuterated ice XII (with small amounts of H2O, as discussed 
in the Calorimetric measurements section), which slowly transforms 
into ice XIV. Volume changes associated with deuterium ordering 
detected during continuous cooling to 80 K at 8 K min−1 (and 
0.81 GPa) are depicted in Fig. 1a and for isothermal annealing at 
94 K/0.81 GPa, in Fig. 1b. In both experiments, the ordering of 
the deuterium atoms can be inferred from a very small (<1%), 
but detectable change in molar volume. A similar small volume 
change has been reported near the ice VII/VIII transition (36). In 
the continuous cooling experiment (see Fig. 1a), ice XII first con
tracts linearly down to 122 K, but contracts less upon further cool
ing once ice XIV forms (compare the blue line with the dashed 
linear extrapolation for XII in Fig. 1a). That is, qualitatively, 
upon cooling, the thermal contraction of ice XIV is smaller than 
the one of ice XII. At 94 K, the volume difference ΔV between ice 
XIV and ice XII is ∼1.9 mm3 (per 600 mg of the sample), assuming 
linear contraction below ∼120 K. For ices I (37), II (38), and III/IX 
(39), however, a decrease in volume thermal expansion coeffi
cients has been reported in this temperature range. In case of 
similar behavior of ice XII, this would result in a flattened extrapo
lated ΔV line and therefore, in a volume difference likely smaller 
than 1.9 mm3 between ice XII and ice XIV.

For the isothermal annealing experiment under pressure (see 
Fig. 1b), the sample was fast-cooled at p = 0.81 GPa to 94 K and 
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kept there for 110 min. After fast cooling to 94 K, the sample is still 
ice XII, since ice XIV has not begun to form, thus defining the start
ing point. During the subsequent annealing time, an increase in 

volume is observed as ice XII transitions to ice XIV. The volume 
difference between ice XII and ice XIV converges to ΔV = +  
2.2 mm3 (see blue vertical arrows in Fig. 1b). To check whether 
this convergence is caused by thermal length changes of the steel 
pistons, we carried out a blind experiment without any ice sample 
(see Fig. S1). In this blind experiment, the volume actually de
creases, yielding a volume change of ΔV = −0.4 mm3. This means 
that the volume change caused by the ice XII to ice XIV transition 
alone amounts to ΔV = +2.6 mm3. The volume difference observed 
between ice XII and ice XIV at 94 K is larger after isothermal an
nealing (Fig. 1b) than after continuous slow cooling (Fig. 1a). 
This suggests that the ice XIV prepared from isothermal annealing 
under pressure is “more different” from ice XII than the one pre
pared from continuous slow cooling. Using the 600 mg of ice XII 
prepared in our experiment and considering a density of 
1.30 g cm−3 for ice XII at 0.81 GPa (1, 40) implies a molar volume 
increase of 1.9 mm3/461 mm3 =  +0.41% in Fig. 1a and of 
2.6 mm3/461 mm3 = 0.57% at the ice XII/XIV transition in Fig. 1b. 
The crystallographic densities for ice XII and ice XIV at ambient 
pressure differ by +0.46% (2, 41), which is consistent with what 
we obtain from the continuous cooling protocol. Judging from 
the volumetric experiment, the ice XIV prepared through isother
mal annealing seems to be different from what has been studied 
previously in neutron diffraction experiments (2). We tentatively 
assume that this volume increase is related to a higher degree of 
order and we test this hypothesis in the Calorimetric measurements 
section.

We note that the volume relaxation time for the ice XII/XIV 
transition can be extracted from Fig. 1b. Defining volume relax
ation time as the time it takes for the volume change to reach 
1/e of the maximum change, we obtain a volume relaxation 
time of roughly 2,500 s at 94 K and 0.81 GPa.

Calorimetric measurements
Differences in the degree of deuterium order as a function of the 
preparation protocol can be quantified by the fraction of Pauling 
entropy ΔSP, which is accessible by differential scanning calorim
etry (DSC). Upon heating the recovered samples, the disordered 
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Fig. 2. (a) DSC heating scans of the ice XIV → ice XII transition of an 
acid-doped sample containing 5% H2O (top (black) line) compared with a 
“pure” D2O sample (<0.04% H2O, 0.01 M DCl, bottom (blue) line), revealing 
the promotive effect of H2O addition on ordering. Because of the 
extremely weak calorimetric signature of the “pure” D2O sample, the DSC 
scan was performed at 50 K min−1 (to obtain a stronger heat flow signal), 
resulting in an onset temperature slightly higher, while all other scans 
were performed at 30 K min−1. The normalization of the heat flow by the 
heating rate (and the amount of sample) ensures comparability of the 
calorimetric signatures. b) DSC scans comparing samples prepared by 
isothermal annealing (top (dark red) line) and continuous slow cooling 
(bottom (blue) line), both prepared at 0.81 GPa, containing 1% H2O.
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transition from ice XIV to ice XII can be observed as a pronounced 
endotherm. Dividing the integrated peak area by the onset tem
perature Tonset (see Fig. S2) yields the fraction of ΔSP. In the follow
ing, the influence of (i) the addition of small amounts of H2O in 
D2O compared with pure D2O, (ii) isothermal annealing compared 
with continuous slow cooling (both at 0.81 GPa), and (iii) the 
amount of H2O in D2O on the deuterium ordering in ice XIV shall 
be presented.

In Fig. 2a, we demonstrate the influence of the addition of 
small amounts of H2O, which we refer to as the introduction of 
isotope defects. This effort is motivated by findings made for the 
ordering transition from ice VI to ice XIX (7). These observations 
were rationalized by regarding H-defects in the D-sublattice as 
fast isotope defects, which then reduce the time it takes for the 
D-subnetwork to order. Particularly for temperatures below 
100 K, it may be speculated that reorientational quantum tun
neling is possible for the light H-atom but suppressed for the 
heavy D-atom. Figure 2a exhibits DSC scans of DCl-doped deu
terated samples that were quench-cooled and recovered after 
the formation of ice XII at 0.81 GPa. That is, the literature proto
col for ice XIV formation, i.e. slow cooling <1 K min−1 at pres
sures ≥0.81 GPa (2), was intentionally bypassed. For the fully 
deuterated sample (“pure” D2O, bottom (blue) line ), this proced
ure—expectedly—results in a very weakly ordered ice XIV sam
ple with merely ∼6% ΔSP. The addition of 5% H2O, however, 
leads to a value nearly three (!) times as high (17% ΔSP, top (black) 
line). This clearly confirms that the addition of small amounts of 
H2O facilitates ordering in ice XII/XIV. Therefore, the samples 
considered from now on contain small amounts of H2O, that is, 
isotope defects.

In Fig. 2b, we compare the strategy of continuous cooling vs. 
isothermal annealing at 0.81 GPa for the preparation of ice XIV 
samples (containing 1% H2O). The latent heat associated with 
deuterium disordering is approximately twice as large for the iso
thermally annealed samples (top (dark red) line) than for the slow
ly cooled ones (bottom (blue) line), more precisely 43 vs. 22% 
Pauling entropy ΔSP. (Note that after the preparation at elevated 
pressure [29], prolonged storage in a Dewar at 77 K and ambient 
pressure further increase the ordering. This aspect is discussed 
in the Aging at 77 K and ambient pressure in the Dewar section). For 
the annealed samples, the onset temperatures Tonset (see Fig. S2) 
of the ice XIV to ice XII transition are comparable with those of 
the continuously cooled samples (28, 29). However, it seems that 
the samples featuring a higher degree of order show a somewhat 
sharper endotherm and slightly higher onset temperatures. If the 
degree of ordering exceeds 30%, the onset temperature is 108 ±  
1 K, while it is 106 ± 1 K for samples with ≤25% order, both for deu
terated ice XIV. If this difference is indeed statistically significant, 
then the implication is that the type of order will be different be
tween highly and weakly ordered ice XIV samples—a hypothesis 
that we will test further in the X-ray diffraction and Dielectric spec
troscopy sections. For comparison, hydrogenated samples of high 
order show an onset temperature of 104 ± 1 K; i.e. the isotope ef
fect on the calorimetric onset temperature is about 4 K.

Figure 3 summarizes the percentage of Pauling entropy ob
served when adding up to 10% H2O to D2O-ice XIV samples pre
pared by the new isothermal annealing procedure. All samples 
were prepared with the exact same protocol by annealing for 
110 min at 94 K. The degree of deuterium order for the different 
isotope mixing ratios peaks at about 1% H2O in D2O. That is, the 
addition of less(!) H2O yields a higher order. In other words, the op
timal ratio between fast H-atoms and slow D-atoms is 1:100. 
Without adding H2O to the D2O solution, 33% of order is reached, 
whereas 45% is reached by adding 1% H2O. That is, also for ice XII/ 
XIV, small amounts of fast H-defects enhance the dynamics and 
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the global order. Just like for ice VI/XIX the order–disorder transi
tion temperature is close to 100 K. In future studies, we will test 
whether this finding also holds for other order–disorder ice pairs 
with lower order–disorder temperature To-d, e.g. ice Ih-XI, or higher 
To-d, e.g. ices III–IX. The observation that 5 and 10% H2O additions 
are actually hindering better ordering has not been noted in our 
work on ice VI/XIX (8). It seems plausible, though, that there is a 
limit to the number of fast defects that speed up the global order
ing: at some point, with too many fast defects present, their paths 
frequently cross, thus mutually blocking their fast propagation.

Aging at 77 K and ambient pressure in the Dewar
Yet another factor impacting the degree of deuterium order is how 
long the samples have been stored in liquid nitrogen after prepar
ation (29). Figure 4 summarizes the percentage of Pauling entropy 
ΔSP recovered at the ice XIV/XII transition as extracted from our 
calorimetry scans after different times of storage up to 7 years. 
Note that we here already employ the “new” strategy of adding 
small amounts of H2O (all symbols, except for blue asterisks) to 
introduce isotope defects but performed the “old” preparation 
protocol of continuous slow cooling (2, 28). Figure 4 compares 
samples containing 5% isotope defects that were continuously 
cooled at high pressures using different cooling rates. This com
pilation shows that lower cooling rates correspond to higher initial 

degrees of order. Samples cooled at >5 K min−1 feature <20% of 
Pauling entropy when analyzed 1 or 2 weeks after sample prepar
ation. On the other hand, samples cooled at ≤1 K min−1 reach ini
tial degrees >30% of ΔSP a week after preparation.

Figure 4 shows that the degree of order increases with storage 
time: after 1 day, even at cooling rates ≤1 K min−1 (yellow squares), 
no more than ∼25% of the Pauling entropy are obtained, whereas 
after 400 days, it exceeds 40%. The order increases approximately 
logarithmically in time: the slope of the lines corresponds to a 
10% gain in order when increasing the storage time by a factor of 
10. For samples cooled at ≤1 K min−1 (yellow squares), the degree 
of order increases from ∼25% after 4 days to ∼30% after 30 days 
and to ∼45% after 400 days. This trend is emphasized using the yel
low and green trend lines in Fig. 4. This slope is the same for all the 
samples containing 5% H2O (all symbols, except blue asterisks).

For comparison, Fig. 4 contains two data points of a sample 
without isotope defects (blue asterisks, labeled “pure” [i.e. 
99.96%] D2O). This sample features the lowest order in Fig. 4 short
ly after preparation. After 7 years of storage, however, it shows the 
highest % ΔSP recovered for any deuterated ice XIV: it has reached 
65%. This is fully consistent with earlier findings for H2O-ice XIV 
(28, 29). That is, after 7 years of storage also, a D2O sample without 
isotope defects reaches the highly ordered state. The impact of 
isotope defects is to catalyze the ordering, resulting in significant 
acceleration of the ordering process.

Samples that were prepared using the isothermal annealing 
under pressure protocol cannot be seen in Fig. 4, simply because 
none of these samples were remeasured after 1-year storage, so 
far. Future work has to show whether or not the increase in 
Pauling entropy proceeds at the same rate as in the continuously 
cooled samples.

X-ray diffraction
Earlier work on ice XIV has revealed two limits of order in ice XIV, 
corresponding to a weakly ordered subset prepared at high cooling 
rates (≥50 K min−1) and a highly ordered ice XIV subset prepared 

10 20 30 40 50

in
te
ns
ity

(a
rb
.u
ni
ts
)

diffraction angle 2 (°)

XII
sample holder
IV

Ih

100% H2O (42%, 77 d)

10% H2O (31%, 36 d)

5% H2O (38%, 25 d)

1% H2O (43%, 61 d)

0.5% H2O (45%, 22 d)

<0.04% H2O (36%, 13 d)

Fig. 5. Powder X-ray diffractograms for highly ordered ice XIV, measured 
with Cu-Kα radiation, compared for different H2O/D2O mixing ratios. As 
indicated by the values in parentheses, these samples feature between 31 
and 45% of Pauling entropy, exceeding all literature values on deuterated 
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at lower cooling rates (29). Previous attempts to produce highly 
ordered deuterated ice XIV were not successful. At most 30% 
ΔSP, see Fig. 3c in Fuentes-Landete et al. (29), could be attained 
using a continuous cooling protocol. Even ambientpressure cool
ing rates as low as 0.01 or 1 K min−1 at 0.81 GPa only produce 30% 
order (29). The novel annealing protocol developed for the pre
sent work allows us to go beyond that. We now reach between 
30 and 45% order after <2 months of storage. The volumetric dif
ference of 0.6% between ice XII and ice XIV as reported in Fig. 1
suggests that these ice phases might feature a slightly different 
oxygen atom network. This suggestion is probed on the basis of 
powder X-ray diffraction patterns recorded at 80 K using Cu-Kα 
radiation (see Fig. 5).

Powder diffraction patterns for weakly ordered deuterated ice 
XIV samples featuring 3–24% order are reported in Fig. 5 of 
Köster et al. (28). These patterns do not provide evidence for any 
splitting of ice XII Bragg peaks—they are practically identical to 
those for ice XII and for weakly ordered ice XIV. Only for 24% or
dering, an asymmetry develops for the Bragg peaks at 2θ = 34.1° 
and 39.6°. The present work reports powder patterns for samples 
made using the novel isothermal annealing protocol. In contrast 
to the earlier work, Fig. 5 reveals well-defined splittings for the 
Bragg peaks at 2θ = 34.1°, 39.6°, and 49.1°, highlighted by the 

vertical dashed lines. These correspond to the singlet Bragg peaks 
of 310, 301, and 420 in ice XII, whose splittings accompanying add
itional 130, 031, and 240 peaks in ice XIV indicate that ice XIV is no 
longer tetragonal. Possibly, there is also a splitting at 2θ = 47.3° 
(hkl = 112), which can imply that highly ordered ice XIV is less 
symmetric than orthorhombic, such as monoclinic or triclinic. 
Such hints for this splitting can be seen for the 1% H2O and the 
100% H2O sample in Fig. 5, but the evidence is not conclusive so 
far. However, such splittings hint at the possibility of a crystallo
graphic difference between weakly and highly ordered ice XIV. 
The splittings at 2θ = 34.1° and 39.6° were previously also identi
fied for highly ordered H2O-ice XIV samples (see Fig. 5 in Köster 
et al. [28]). The splitting marked in Fig. 5 at 2θ = 49.1° could not 
be resolved, so far, not even for 60% ordered H2O-ice XIV (28). 
However, here we do observe this splitting for an H2O sample of 
42% order (top trace in Fig. 5). The origin of the difference could 
be related to texture/preferred orientation effects or to a different 
nature of ice XIV prepared through isobaric annealing. Inspecting 
Fig. 5 more carefully, the splittings are resolved best for pure 
H2O-ice XIV and also for D2O samples containing <1% H2O. The 
two samples containing 5 or 10% H2O display only weak shoulders 
for the 2θ = 34.1° and 39.6° peaks. Samples with higher ordering 
(see the previous section) show a clearer peak splitting. These ob
servations regarding the Bragg peak splittings correlate well with 
the order maximum at 1% H2O in Fig. 3 and support the view that 
highly ordered ice XIV is indeed different from weakly ordered 
ice XIV.

Dielectric spectroscopy
As suggested above, the high order achieved for ice XIV in the pre
sent work is enabled by the changed protocol and because of the 
addition of fast H-defects via small amounts of H2O to the D2O so
lution. Next, we examine whether the impact of these fast defects 
can be detected in the dielectric relaxation dynamics. 
Fuentes-Landete et al. have shown that in the absence of point- 
defect doping, the dielectric relaxation dynamics in deuterated 
ice XII are about one decade slower than in hydrogenated ice XII 
(29). Acid doping accelerates the relaxation dynamics by about 
four decades for both isotopes (28). In the present work, we inves
tigate the additional impact of partial isotopic replacement on 
samples containing intentional hydrogen atom defects, i.e. we 
test our hypothesis regarding the fast isotope defects in ice XIV. 
Specifically, DCl-doped D2O samples containing 10, 5, 1, 0.5, and 
<0.04% H2O were measured. Figure 6 shows the dielectric loss 
spectra of samples containing 0.5% H2O in D2O for temperatures 
between 96 and 124 K. With increasing temperature, the peak fre
quencies νmax of the spectra shift to higher frequencies. Below 
about 102 K, the T-induced spectral shift is much more pro
nounced than for higher temperatures. This changed behavior is 
indicative of the phase transition from ice XIV to ice XII taking 
place slightly above 102 K.

Based on the dielectric peak loss frequencies, the temperature- 
dependent dielectric relaxation time τmax = (2π νmax)−1 is calcu
lated and plotted as filled symbols in an Arrhenius plot, see the 
upper part of Fig. 7. Open symbols are determined from a fre
quency-temperature-superposition analysis (44), i.e. the spectra 
devoid of a visible peak were shifted along the logarithmic fre
quency axis to achieve overlap with spectra displaying a peak. 
From the shift factors, relaxation times are deduced, thus enabel
ing us to extend the accessible range of time scales. There is a kink 
in the linear τ(T ) trend (dashed lines) between 102 and 104 K which 
reflects the phase transition between ice XII and ice XIV. The 
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observed transition is about 5 K lower than in the calorimetry ex
periment (103 vs. 108 K). This difference is kinetic in origin, since 
the heating rate employed in the dielectric relaxation measure
ment (on average 6 K h−1) is much smaller than the one used 
for the calorimetry scans (30 K min−1). Similar observations 
were previously made for the transition of low-density amorph
ous ice (45), ice IV (28), ice V (32), ice VI (28), and ice XII (30) to 
stacking-disordered ice or for the disordering temperature of 
ice XIX (8).

Among the five different isotopic compositions investigated in 
the present work, nominally pure D2O (<0.04% H2O) clearly shows 
the largest relaxation times, i.e. the slowest relaxation (brown tri
angular symbols in Fig. 7). The relaxation times are shifted by 
more than half a decade to lower values for all samples containing 
small amounts of H2O (0.5, 1, 5, and 10%). The dynamics in the 
samples with 5 and 0.5% H2O addition seem to be slightly faster 
than for the other compositions. This is also recognized when 
comparing the relaxation spectra isothermally, e.g. at 102 K, just 
below the transition temperature to ice XII (see Fig. S5). The 0.5 
and 5% H2O-containing samples show the highest peak frequen
cies νmax. While for all ice XIV samples with added H2O, the dy
namics are resolved in the present frequency window; in 
nominally pure D2O, it is so slow that a peak maximum is not dir
ectly observable.

The finding from calorimetry and X-ray diffraction that 5 and 
10% hydrogenated samples produce less global order in ice XIV 
than those with 0.5 and 1% (see Fig. 3) is not reflected in the dielec
tric measurements. It is tempting to speculate that this difference 
can be traced back to the fact that dielectric relaxation spectros
copy probes the dynamics of the initial step of reorientation (rota
tion of the water molecule or hop of an H atom from one O atom to 
the next neighbor) and that, in contrast, X-ray and calorimetry as
sess the global order. The development of the latter requires not 
only fast initial reorientation but also defect propagation through 
the network. This propagation might be hindered if the number of 
fast H-defects is too large (34). The volume relaxation time of 
2,500 s at 94 K, see Fig. 1, compares with a dielectric relaxation 
time of about 100 s at 94 K. This difference similarly suggests 
that dielectric relaxation only probes the initial reorientation 
step, whereas volume relaxation requires the initial step plus 
propagation through the network.

Finally, in the lower part of Fig. 7, we compare the dielectric re
laxation time scales of highly ordered ice XIV with those of weakly 
ordered ice XIV. To this end, we used the ice XIV sample that was 
stored for 7 years in the Dewar, showing 65% D-order. This highly 
ordered ice XIV was slowly heated to 130 K at ambient pressure, 
thus transforming it into ice XII. Immediately thereafter, the sam
ple was cooled down, producing weakly ordered ice XIV. Based on 
our earlier work (29), the degree of ordering in the weakly ordered 
ice XIV formed in this process is estimated to be only ∼5%. This 
weakly ordered ice XIV is heated up a second time. For highly or
dered ice XIV (first heating scan), the transition to ice XII is sig
naled by a pronounced kink, whereas a kink is absent for weakly 
ordered ice XIV (second heating scan), see Fig. 7. The relaxation 
times recorded during the second heating essentially reproduce 
those obtained during the prior cooling. This finding implies that 
in highly ordered ice XIV, the dielectric relaxation dynamics are 
clearly slower than in weakly ordered ice XIV. At 95 K, the differ
ence is about one order of magnitude. That is, the D-bond network 
is stiffer and relaxes more slowly in highly ordered than in weakly 
ordered ice XIV, compatible with the expectation that highly or
dered ice XIV is thermodynamically more stable than weakly or
dered ice XIV.

Conclusions
In the present work, we study deuterium ordering in the high- 
pressure polymorph ice XII, transforming it to ice XIV. In the 
past, about 60% of hydrogen order could be obtained in H2O-ice 
XIV (28) and no more than 25% of deuterium order in D2O-ice 
XIV (29). Here, we are able to access highly ordered (up to 65%) 
D2O-ice XIV using a novel preparation protocol. First, this involves 
isothermal annealing of the ice XII sample at 0.81 GPa and 94 K for 
110 min, which is below the order–disorder temperature To-d at 
103 K as determined from very slow heating experiments using di
electric relaxation spectroscopy at ambient pressure. In much 
faster calorimetry scans, a transition from ice XIV to ice XII is ob
served at Tonset of 108 K. In the 110 min of high-pressure anneal
ing, the deuterium atoms order much more than by slow cooling 
of ice XII to T < To-d. Procedures involving more or less slow cooling 
were employed in all earlier work on ice XIV, either at ambient 
pressure or under high-pressure conditions (29). Remarkably, in 
contrast to earlier dilatometry studies on ice, volumetric meas
urements enable us to monitor the process of ordering. The volu
metric measurements reveal a density difference of about 0.6% 
between highly ordered ice XIV and ice XII. This density difference 
exceeds the density difference between ice XII and weakly ordered 
ice XIV from diffraction studies (2, 41), hinting at a crystallograph
ic difference between highly and weakly ordered ice XIV. Based on 
calorimetry, this novel annealing protocol approximately doubles 
the degree of order and moreover is much more time efficient than 
earlier preparation procedures (2, 28, 29).

A second aspect that helps in preparing highly ordered deuter
ated ice XIV is the addition of a small amount of H2O to D2O. This 
introduces fast H-atoms into the sublattice of slow D-atoms. 
About 0.5% H2O addition is sufficient to increase the dielectric re
laxation dynamics by a factor of 10 and to increase the calorimet
rically inferred order by about 10% of ΔSP right after preparation. 
This observation is similar to earlier ones regarding the ordering 
from ice VI to ice XIX (7). These equivalent consequences raise 
the possibility that the presently pursued strategy will facilitate 
deuterium ordering also for other ice phases. We suspect that 
the rather low disordering temperature near 100 K found for 
both ice XIV and ice XIX might be essential to rationalize the iso
tope effect in the ordering kinetics and conjecture that quantum 
tunneling of H-atoms might be the decisive factor enhancing the 
H-atoms kinetics over those of the D-atoms.

Third, here we show that the degree of deuterium order in 
weakly ordered ice XIV can also be enhanced through sample stor
age at 77 K: in quantitative terms, the degree of ordering increases 
by 10% when increasing the storage time by a factor of 10. For a 
deuterated ice XIV sample stored for 7 years, we recover 65% of 
the Pauling entropy—even more than previously accessible in pro
tiated ice XIV (28).

We call the presently obtained samples “highly ordered ice 
XIV.” Earlier work on H2O-ice XIV (28, 29) revealed two distinct 

time scales for H-ordering, where the limit of weak ordering 

(near 20% of the Pauling entropy) was easily accessible, but the 

limit of high ordering (near 60%) could be accessed only in very 

time-demanding experiments involving slow cooling (28). For deu

terated ice XIV, we now also reach or even exceed the higher limit 

(65% for the sample stored for 7 years). These highly ordered ice 

XIV samples differ from weakly ordered ice XIV not only in terms 

of calorimetrically inferred order but also in terms of volumetric

ally determined density. In powder X-ray diffractograms, highly 

ordered ice XIV differs from ice XII and ice XIV in terms of clear 

peak splittings for three Bragg peaks, while weakly ordered ice 
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XIV is very similar to ice XII. Future work needs to show whether 
there is a crystallographic difference between highly and weakly 
ordered ice XIV and to determine whether highly ordered ice XIV 
is actually an ice phase different from both ice XII and ice XIV. 
The dielectric experiments corroborate this suspicion: at T <  
102 K, highly ordered ice XIV relaxes by about one order of magni
tude slower than weakly ordered ice XIV. This suggestion of highly 
ordered ice XIV being a novel ice phase needs to be tested by neu
tron diffraction. In previous neutron diffraction work, merely the 
crystal structure of (weakly ordered) D2O-ice XIV was established 
(2). The present study clarifies the decisive step in producing high
ly ordered deuterated ice XIV in significant quantities in a relatively 
short time—making neutron diffraction studies possible in future 
work. Furthermore, the strategies proposed in this study for en
hancing deuterium ordering in XIV, i.e. isothermal annealing 
under pressure, introduction of isotope defects in addition to 
acid/base doping, and aging at 77 K can be applied to other or
der–disorder pairs to explore the possibilities for alternative or
dering as it was first shown for the ice VI/XV/XIX triplet (7, 9). 
The present work on deuterated ice XIV clearly shows the poly
morphic phase transition behavior to be different for highly and 
weakly ordered ice XIV, making the case that we successfully pro
duced an ice phase with properties distinct from all ices reported 
in the literature.

Experimental methods
Sample preparation and volumetric 
measurements
To produce ice XIV, ice XII samples are prepared by crystallizing 
HDA ice in a piston-cylinder setup. Following the protocol of 
Mishima et al. (46), HDA is made by freezing liquid water at ambi
ent pressure and subsequent pressurization of the resulting hex
agonal ice to 1.6 GPa at 77 K. By isobaric heating at >25 K min−1 

and 0.81 GPa to 200 K, HDA crystallizes to ice XII. The high heating 
rates suppress the competing crystallization to ice IV, and pure ice 
XII forms (28, 29, 31). The ice samples were compressed in a com
puterized universal testing machine (Zwick, model BZ100/TL3S) 
featuring a piston cylinder and an 8-mm bore. To avoid pressure 
drops and shockwave heating during compression, indium con
tainers were used. All samples were prepared from 600 µL of 
water with different isotopic compositions and either 0.01 M DCl 
(for mainly D2O solutions) or 0.01 M HCl (H2O). The H2O mole frac
tions employed here are <0.04, 0.5, 1, 5, and 10% H2O in D2O as 
well as 100% H2O.

Differential scanning calorimetry
To analyze the degree of deuterium ordering, calorimetric meas
urements were performed with a differential scanning calorim
eter (DSC8000 Perkin Elmer). As in previous works (28, 29, 31), 
the samples were transferred to aluminum crucibles under 
liquid nitrogen and cold loaded into the instrument. Ambient- 
pressure heating scans were conducted with 30 K min−1. The 
scans of D2O-ice XIV samples show three first-order transitions: 
an endotherm due to the order–disorder transition from ice XIV 
to ice XII at Tonset ≍ 108 K, an exotherm at Tx ≍ 158 K signaling 
the polymorphic transition from ice XII to stacking-disordered 
ice Isd, and finally, the melting endotherm of hexagonal ice at 
Tm ≍ 277 K. As in earlier work (28, 29), the Pauling entropy is de
duced in two ways: from the area ratio of the ice XIV → XII endo
therm to the ice XII → Isd exotherm and alternatively from the ice 
XIV → XII endotherm to the melting endotherm (Ih →liquid water) 

where only the latent heat for the ice XIV → XII endotherm is 
unknown and the other latent heats are taken from literature 
(42, 47).

X-ray diffraction
Powder X-ray diffraction was used to check the ice XII/XIV sam
ples for distortions of the ice XII oxygen lattice that are mediated 
through the ordering of the D-atoms. Distortions typically lower 
the symmetry and, compared with the disordered parental 
phases, produce Bragg peak splittings in ordered phases. The 
X-ray diffraction measurements also serve to check for unwanted 
by-phases, especially ice IV, which can crystallize from HDA in 
parallel to ice XII when the high-pressure heating rates are too 
low (26, 48). When quickly transferring the cold samples to the 
sample holder through humid air, small quantities of hexagonal 
ice may condense on the sample surface and may appear as con
tamination in the powder patterns. The X-ray measurements 
were conducted at 0.1 mbar and T ≍ 80 K with a Siemens D5000 
diffractometer (Cu-Kα, λ = 1.5406 Å) in θ-θ geometry. The sample 
preparation and loading procedures were carried out according 
to well-established methods (29, 32).

Dielectric spectroscopy
As a fourth analytic method, dielectric measurements were car
ried out on the deuterated ice samples. Powdered samples were 
cold-loaded into a parallel-plate capacitor made of invar and sap
phire (49) and mounted into a cryostat. Broadband dielectric spec
tra were recorded using an Alpha Analyzer for frequencies 
between 2 × 10−2 and 104 Hz and temperatures from 90 to 295 K 
at ambient pressure. The temperature was adjusted with a nitro
gen gas flow and stabilized within ±0.1 K through a Quatro 
Temperature Controller. Temperature steps were set at 2 K up 
to 130 K, 3 K up to 150 K, and 5 K for higher temperatures. Like 
in earlier work (32), the dielectric measurements were primarily 
exploited to extract dielectric relaxation times from the dielectric 
loss peak frequencies.

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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