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ABSTRACT. Ice IV is a metastable high-pressure phase of ice in which the water molecules exhibit
orientational disorder. Although orientational ordering is commonly observed for other ice phases, it
has not been reported for ice IV. We conducted in-situ powder neutron diffraction experiments for
DCl-doped D;O ice IV to investigate its hydrogen ordering. We found abrupt changes in the
temperature derivative of unit-cell volume, dV7/dT, at ~120 K, and revealed a slightly ordered structure
at low temperatures based on the Rietveld method. The occupancy of the D1 site deviates from 0.5 in
particular; it increased when samples were cooled at higher pressures and reached 0.174(14) at 2.38
GPa, 58 K. Our results evidence the presence of a low-symmetry hydrogen-ordered state
corresponding to ice IV. It seems, however, difficult to experimentally access the completely ordered

phase corresponding to ice IV by slow cooling at high pressure.
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Water is a ubiquitous material being studied in a wide range of research fields. Water molecules
form tetrahedral networks in hydrogen-bonded structures while maintaining freedom in the orientation
of the dipole moment. Hence, states with molecular orientational order and disorder are both possible
in a given oxygen sublattice in ice. Such hydrogen-ordered and disordered phases can be distinguished
based on hydrogen-site occupancies in time-space averaged structures determined by diffraction
experiments. Disordered phases are thermodynamically stable in high-temperature regions. As the
temperature decreases, hydrogen-ordered structures become more stable, driving hydrogen disorder-
to-order phase transitions without changing the oxygen sublattice. This makes the polymorphism of
ice very rich. The search for new ordered phases corresponding to known disordered ones is one of the
most successful strategies of new-phase discoveries in recent years.! However, experimental access
to ordered phases is kinetically challenging because molecular reorientation dynamics slows with
decreasing temperatures and finally freezes at the orientational glass transition temperature (often
referred to as 7). To enhance molecular reorientation and suppress orientational glass formation, it is
effective to dope disordered phases with a small amount of acid or base. It is known that KOH doping
effectively promotes the ice In-to-XI disorder-to-order transformation®” and HCI doping does the ice
V-to-XIIL, %2 VI-to-XV,>81011 and XII-to-XIV"!1>"14 transitions.

In this study, we focus on a metastable high-pressure phase ice IV.!> Except for superionic ice
XVIIL! ice IV is the only high-pressure hydrogen-disordered phase whose ordered counterpart has

not been reported to date. It is interesting to investigate the hydrogen-ordering behavior of ice IV not
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only because it may lead to the discovery of a new phase but also because the hydrogen-disordered
structures of ices I and IV have been suggested to be related to the pressure-induced amorphization
mechanism of ice I into high-density amorphous ice (HDA); it was suggested that the local structure
of HDA is similar to the structure of ice IV'7!® and HDA is a “derailed” state of the ice I-IV
transformation pathway due to hydrogen disorder in these crystalline phases.!” Quests for a hydrogen-
ordered counterpart of ice IV have been made based on ex-sifu experiments using Raman
spectroscopy,'® differential scanning calorimetry (DSC),?*?! and powder X-ray diffraction®!
techniques by Salzmann and co-workers. They prepared ice IV samples by heating HDA, quenched
the samples to liquid nitrogen temperature, and released the pressure to recover them for analyses at
ambient pressure. According to their ex-situ DSC investigations, HCl-doped ice IV showed a weak
irreversible endothermic feature at ~120 K upon heating at ambient pressure whereas nondoped and
LiOH-doped samples did not. Furthermore, the endotherms were more pronounced when samples were
annealed at higher pressures. These results suggest that there is a low-temperature state related to ice
IV that (i) can be obtained only when HCI is doped, (ii) is more favored at higher pressures, and (iii)
is not obtained by cooling doped ice IV at ambient pressure. The origin of the endotherms remains
unclear as Rosu-Finsen and Salzmann (2021) listed three possible causes to explain the results:
hydrogen ordering, orientational glass transition, and release of strain.?! To better understand the
pressure-temperature response of doped ice IV and to corroborate a novel ordered phase if it exists, in-

situ experiments with high sensitivity to hydrogen ordering are desired.
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In this study, we conducted in-situ powder neutron diffraction experiments at the high-pressure
neutron diffractometer PLANET? in the Materials and Life Science Experimental Facility (MLF) of
J-PARC using a temperature-variable hydraulic press Mito system.? See Supporting Information for
detailed methods. Ice IV doped with DC1 was prepared from HDA.?* After the crystallization of ice
IV was completed, the sample was slowly cooled while powder neutron diffractograms were collected
continuously. We present the results of three experiments in this article (Exps. #1-3); please refer to
Figure S1 for the pressure-temperature histories in each experiment.

The unit-cell volume and the lattice parameters of DCl-doped D20 ice IV as functions of temperature
(Exp. #1) are shown in Figure la,b. Upon lowering the temperature, the slope of the temperature
dependence of the unit-cell volume abruptly changed at around 120 K, suggesting a structural
transition to a low-temperature state (Figure la, blue plots). Unfortunately, perfect isobaric cooling is
impossible with our high-pressure instrumentation using an opposed-anvil-type apparatus as indicated
by the purple curve in Figure 1a. Because these unavoidable pressure changes should contribute to the
lattice expansion, one may question whether the dV/d7T change was a result of the structural change of
the sample or merely originated from the changes in the sample pressure. To clarify this, we use the
isothermal compressibility of disordered ice IV by using a data set collected at 157 K (pressure range:
from 0.59(1) GPa to 2.53(1) GPa). The lattice parameters a and ¢ as well as unit-cell volume V'
decreased linearly upon increasing pressure at 157 K (Figure S2). However, in Exp. #1, the a-axis (in

the hexagonal setting) showed an abrupt change while the c-axis length showed a monotonic decrease
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with decreasing temperature (Figure 1b). There also seems to be a bent in c/a as indicated by a dotted

arrow in Figure 1b. It is unlikely that there is an unusual pressure response that appears only on the a-

axis while both the a- and c-axis lengths change linearly with pressure in ice IV. The results of Exp.

#2 (Figure 1c,d), in which DCl-doped D>O ice IV was cooled at slightly higher pressures, also support

that the anomalous changes in dV/dT were temperature-induced phenomena.
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Figure 1. Temperature dependence of the unit-cell volume and lattice parameters (Exps. #1 and

#2). Experiment ID is shown in each panel. (a, ¢) Unit-cell volume and pressure determined from the

Pb pressure marker as functions of temperature. (b, d) Lattice parameters a and ¢, and their ratio c/a.

In Exp. #1, the DCl-doped ice IV sample was thereafter kept at 58 K and 0.42 GPa for 6 h. The

neutron diffraction pattern collected at 58 K was time-sliced by 15 min to track changes in the lattice

parameters (Figure la, gray plots). Interestingly, the unit-cell volume slightly and continuously

decreased with time. Since the sample pressure estimated from the lead pressure marker was constant

in these measurements at 58 K, this continuous lattice contraction is probably caused by the progress

of the structural conversion from ice IV to the low-temperature state. After 6 h, the sample was heated

up to 165 K at 0.2 K/min. In Figure 1(a), unit-cell volume seems irreversible to temperature. First, the

onset temperatures of the dV/dT changes are ~120 K and ~90 K in cooling and heating, respectively.

The temperature relation is opposite to the hysteresis observed in normal first-order phase transitions.

Moreover, the temperatures of the dV/dT (or da/dT) and d(c/a)/dT changes seem not to be matched in

the heating pathway. Unfortunately, the origin of these complicated kinetic features in the backward

transformation pathways involving the inverted hysteresis remains unclear at present. Second, the 7-V

plot in Figure 1a is not a closed loop, as the unit-cell volumes at the starting and ending points differ.

However, these disagreements in unit-cell volume can be again attributed to pressure variation during

heating. The observed difference in the unit-cell volume at the starting and ending points in Figure 1a

8
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(AV =1.4(5) A%) agreed well with the volume difference (AV = 1.5(6) A%) estimated from the pressure
difference (Ap = 0.035(10) GPa) at these points using the linear fitting of the compressibility data
(Figure S2). Thus, we suggest that the sample returned to the original structure (i.e., as-crystallized ice
IV) after cooling and heating.

Because the volume changes were very small, we should rely on more direct structural information
to firmly discuss the presence and nature of the low-temperature state. The diffraction profiles
collected in our experiments showed no additional Bragg-reflection emergence compared to as-
crystallized ice IV, and therefore diffraction patterns were analyzed using the original space group of
ice IV (R3c?), or its only subgroup having the same reflection conditions (R3c). The number of
crystallographic sites is doubled due to the loss of mirror symmetry from R3cto R3c (Tables S1and
S2).In R3c, only deuterium atoms at two sites (D4 and D5) out of six are permitted to order while all
deuterium atoms can at least partially order in R3c. We tested both space-group candidates in Rietveld
analyses to the diffractogram of DCl-doped D20 ice IV collected at 58 K, 0.42 GPa (Exp. #1), allowing
all possible deuterium sites to order. The y? value was improved from 8.445 to 7.473 by applying the
low-symmetry space group R3c (Figure S3). We found some peaks fitted better in R3¢ (Figure S3)
although the difference of y?is small between the two. In the R3¢ model, the refined occupancies of
the D4 and DS sites are 0.505(1) and 0.495(1), respectively, which indicate nearly perfect hydrogen
disorder. By contrast, the R3¢ model is slightly hydrogen ordered in which the ordering parameter

o1, which equals the occupancy of the D1 site, was 0.356(5) (Table S1). Here, please note that the
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occupancy of this D1 site is fixed at 0.5 in R3¢ and is a variable only in R3c. A slightly ordered
structure was also obtained from the data collected at 58 K, 0.63 GPa in Exp. #2 (Table S3). To
crosscheck the reliability of the results, data collected at 165 K after the cooling-heating experiments
(Exp. #1) was also Rietveld-analysed using both R3¢ and R3c space groups. Even when refined
using the R3c space group, the structure at 165 K was suggested to be disordered within estimated
errors where the ordering parameters o1, 02, and o3 were 0.53(5), 0.506(3), and 0.506(3), respectively;
i.e., the most plausible space group for the structure at 165 K is R3c (see Table S2 for the refined
structure parameters assuming perfect disorder). This suggests that the order-to-disorder
transformation was completed during heating. These results suggest that (i) when slowly cooled,
hydrogen ordering in DCl-doped ice IV proceeds at temperatures below ~120 K, but (ii) the hydrogen-
ordering transition is hampered due to slow transformation kinetics at low temperatures.

To investigate the effects of pressure on hydrogen ordering, we conducted another experiment (Exp.
#3) in which DCl-doped D20 ice IV was cooled from 157 K to 58 K at higher pressures from 2.64 to
2.37 GPa. At 157 K, the hydrogen-disordered structure of ice IV was maintained (refined ordering
parameters using the R3¢ space group: o1 = 0.505(13), 02 = 0.500(4), and o3 = 0.499(3)); i.e., there
were no signs of a pressure-induced hydrogen ordering at this temperature. By contrast, Rietveld
analysis to a diffractogram collected at 58 K converged into a partially ordered structure with the
highest degree of ordering obtained in this study, although it is still small. An R3c model better fits
the diffractogram than an R3c model (Figure 2) as indicated by the improvement of y? (y>= 11.48 for

10
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R3c and y*=10.51 for R3c). The refined ordering parameters using the R3c space group were o1 =
0.174(14), 02 = 0.554(10), and 03 = 0.486(8) which indicate orientational ordering during cooling, see
Table 1 for the list of structure parameters. D1 and D1°, which show relatively large degrees of
hydrogen ordering, are located on the hydrogen bond penetrating the six-membered ring structure
(Figure 2¢). In Exp. #3, o1 showed the largest deviation from 0.5 at 58 K among Exps. #1-3 (Figure
3), which is consistent with the previous ex-situ DSC studies suggesting that the low-temperature state
is more favored at high pressures;?! our neutron diffraction results also suggest the hydrogen ordering

in ice IV is more pronounced at high pressures.
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Figure 2. Structure analyses of the low-temperature state in the DCl-doped sample at 58 K, 2.38

GPa (Exp. #3). (a) Rietveld refinement using the R3c space group. y> = 11.48, Rwy = 4.66%, R, =

5.17%. The refined occupancies of deuterium sites were 0.5 within errors. (b) Rietveld refinement

using the R3c space group. y> = 10.51, Rwp = 4.44%, R, = 4.81%. (¢) Building block of the structure

of the low-temperature state. Gray balls represent oxygen atoms. Only deuterium atoms at the D1 and

D1’ sites, which showed the largest degree of ordering in the low-temperature state, are shown by

white balls.

Table 1. Structure Model for the Low-Temperature State at 58 K, 2.38 GPa (Exp. #3) in the R3¢
Space Group.
Occupancy
Atom X y z Uiso
Representation Value

01 0.3729(9)  0.2539(14) -0.0421(4) 1 1 0.0140(5)
or’ 0.6266(9)  0.7496(14)  0.94267(4) 1 1 0.0140(5)
02 0 0 0.0366(8) 1 1 0.0140(5)
02’ 0 0 0.8702(7) 1 1 0.0140(5)
D1 0 0 -0.0198(9) 01 0.174(14) 0.0167(7)
D1’ 0 0 0.9267(7) 1-o0, 0.826(14) 0.0167(7)
D2 0.0137(6)  0.1146(5) 0.0501(7) % — %01 0.609(5) 0.0167(7)

12
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180
181
182

183

184

185

D2’ 0.9590(7)  0.8914(7)  0.8403(7) 3t30 0.391(5) 0.0167(7)
1 1
D3 0.4675(15)  0.2900(19)  0.9175(9) 3+ 301 0.391(5) 0.0167(7)
2 1
D3 0.5146(10) 0.7170(12)  -0.0266(7) 330 0.609(5) 0.0167(7)
D4 0.3002(12) 0.3104(12)  0.9419(8) 0, 0.554(11)  0.0167(7)
D4 0.7294(14) 0.7282(15)  -0.0519(10) 04 0.486(8) 0.0167(7)
D5 0.3414(15)  0.1253(15)  -0.0350(9) 1-o, 0.446(11)  0.0167(7)
D5 0.6982(16) 0.8853(13)  0.9379(11) 1— o, 0.514(8) 0.0167(7)
1
D6 0.3999(15) 0.2994(20)  001II(6)  Z——o,—0,+05  0.54Q) 0.0167(7)
1
D6 0.5927(20)  0.699(2) 0.8909(5) —+-0,+0,—05  0.46(2) 0.0167(7)

3 3

X, v, z: fractional atomic coordinates, Uiso: isotropic atomic displacement parameter. Deuterium-site

occupancies are represented by three ordering parameters o1, 02, and 03 to follow the ice rule (shown
on the left in the column) with refined values shown on the right. a = b = 8.32866(12) A, ¢ = 16.5178(4)

A, V'=992.28(3) A3,
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Figure 3. Values of the ordering parameter o; at 58 K refined from neutron diffraction patterns

collected in Exps. #1-3. The space-group symmetry used in Rietveld analyses is R3c.

However, the overall degrees of hydrogen ordering remain low in the samples prepared in this study.
In addition, R3c cannot be the space group of a completely hydrogen-ordered ground-state phase
corresponding to ice IV because occupancies of D2, D2’, D3, D3’, D6, and D6’ sites are restricted to
values between 1/3 and 2/3. There are several potential methods to increase the degree of orientational
ordering in ice IV in future experiments. First, slower cooling or longer storage at low temperatures
may allow doped ice IV samples to follow thermodynamic equilibrium more by reducing the kinetic
effects and to achieve more ordered states. Second, our instrumentations with the Mito system are not
capable of cooling liquid samples rapidly or precooling the sample chamber. As suggested in a
previous study,!!?% ice I obtained by slow cooling of liquid may result in insufficient DC1 doping due
to, for example, consumption of DCI by corrosion with metal gaskets or expelling of the DCI from
crystalline ice. Such effects should be better understood to prepare more hydrogen-ordered samples.
Third, dopants other than hydrochloric acid may be selectively effective for enhancing hydrogen
ordering in ice I'V. Fourth, novel methods, e.g., fast cooling methods recently proposed in the ice XII-
XIV disorder-order transition,?’ should be also tested.

To conclude, we investigated hydrogen ordering in ice [V employing in-situ neutron diffraction and
reported crystallographic evidence of a slightly hydrogen-ordered state corresponding to ice IV for the

14
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first time. DCl-doped deuterated ice IV showed abrupt changes in dV/dT and d(c/a)/dT at ~120 K. It

is likely that the structural changes proceed very slowly at the temperatures below. The reverse

hydrogen-disordering transformations during heating involve rather complicated features, which have

not been perfectly interpreted yet. Rietveld analysis revealed hydrogen-disordered and slightly

hydrogen-ordered structures above and below 120 K, respectively. R3c is the best space group to

describe the structure of the low-temperature state. The ordered state has a higher density than ice IV,

making the structural conversion favorable at higher pressures as evidenced by experiments performed

at ~2.5 GPa (Exp. #3). Among the three ordering parameters required to express deuterium-site

occupancies in R3c, o1, which equals the occupancy of the D1 site, showed the largest differences

from the original value of 0.5 in the hydrogen-disordered ice IV. As with ices V, VI, and XII, acid

doping effectively enhances hydrogen ordering in ice IV. However, even when DCl is doped, hydrogen

ordering proceeds very slowly and the degrees of hydrogen ordering in the low-temperature state were

small. The fully hydrogen-ordered counterpart of ice IV seems to have even more will-o'-the-wisp

nature than the parent phase. Our results prompt inquiries into the thermodynamic and kinetic

complexities behind hydrogen ordering in ice IV in comparison to other neighboring ice phases in

which the ordered phase is accessible at pressures and temperatures comparable to those of our

experiment.

15



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

Methods

Powder neutron diffraction experiments were conducted at the high-pressure neutron diffractometer
PLANET * in J-PARC with the use of a temperature-variable hydraulic press Mito system.?> A 4K GM
refrigerator was installed instead of the use of liquid nitrogen cryogen, allowing us to cool samples
down to 58 K, see a review paper by Komatsu (2022) for detailed specifications.?® A piece of lead wire
was loaded with the sample to estimate the sample pressure and the pressure was calculated based on
the equation of state.?? Collected neutron diffraction patterns were reduced and the observed intensities
were corrected using in-house software at PLANET. Diffractograms were analyzed by the Rietveld
method using the GSAS program on the EXPGUI package.’*3! The VESTA software®? was used to
construct structure models in the R3c space group and to visualize structures. Please refer to the
Supporting Information for more details.

Ice IV was prepared following the established protocol by Salzmann et al.,**

which involves cooling
liquid water at 0 GPa to crystallize ice I, subsequent compression of ice In at 130-135 K for pressure-
induced amorphization to yield HDA, and its heating at ~0.85 GPa at a rate of ~0.3 K/min. During

heating HDA, sample pressure was monitored using Bragg peaks of lead, and the hydraulic pressure

was manually controlled to achieve quasi-isobaric heating.
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