GEOPHYSICAL RESEARCH LETTERS, VOL. 38, L16101, doi:10.1029/2011GL048217, 2011

The existence of memory effect on hydrogen ordering in ice:
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[1] The existence of ferroelectric ice XI with ordered hydro-
gen in space becomes of interest in astronomy and physical
chemistry because of the strong electrostatic force. However,
the influence was believed to be limited because it forms in a
narrow temperature range. From neutron diffraction experi-
ments, we found that small hydrogen-ordered domains exist
at significantly higher temperature and the domains induce
the growth of “bulk” ice XI. The small ordered domain is
named “memory” of hydrogen ordered ice because it is
the residual structure of ice XI. Since the memory exists
up to at least 111 K, most of ices in the solar system are
hydrogen ordered and may have ferroelectricity. The small
hydrogen-ordered domains govern the cosmochemical
properties of ice and evolution of icy grains in the universe.
Citation: Arakawa, M., H. Kagi, J. A. Fernandez-Baca, B. C.
Chakoumakos, and H. Fukazawa (2011), The existence of memory
effect on hydrogen ordering in ice: The effect makes ice attractive,
Geophys. Res. Lett., 38, L16101, doi:10.1029/2011GL048217.

1. Introduction

[2] The chemical properties of ice are governed by
arrangement and dynamics of hydrogen atoms. Hydrogen
atoms of normal ice (ice [h) are disordered, having two crys-
tallographically equivalent sites between two oxygen atoms
[Bernal and Fowler, 1933; Pauling, 1935; Peterson and Levy,
1957]. In contrast, hydrogen atoms of ice XI, the hydrogen-
ordered phase of ice Th [Kawada, 1972; Tajima et al., 1982],
are located in one site, and the ordered hydrogen atoms make
ice XI ferroelectric. Ice X1 is only generated in impurity-doped
ices. Structure of ice XI doped with KOD has been investigated
by neutron diffraction experiments [Leadbetter et al., 1985;
Fukazawa et al., 2005; Arakawa et al., 2010]. In the doped
ices, ice XI starts to nucleate at 60—65 K (57-62 K for H,O ice)
[Fukazawa et al., 2006a], and it immediately disappears above
the phase boundary (76 K for D,O ice and 72 K for H,0)
between Ih and XI [Fukazawa et al., 2006b].

[3] Lots of water ices exist as a crystalline phases in space
[Kouchi et al., 1994; Jewitt and Luu, 2004; Cook et al.,
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2007]. Based on the numerous neutron diffraction studies
for KOD-doped D,0 ice, Fukazawa et al. [2006a] proposed
a hypothesis that ice XI exists in cold space environments.
The nucleation and growth temperatures described above
suggest that ferroelectric ice XI could exist on icy bodies or
in interstellar molecular clouds where the temperatures are
57-62 K, but the temperature range seemed to be limited.
For understanding the evolution of icy grains in the universe
and astrochemical implication, the formation of ice XI doped
with NaOD must be investigated because cosmic abundance of
Nais 15 times as much as that of K. For precise understanding
of nucleation and growth process of ice XI, we performed
time-resolved neutron diffraction measurements of deuterium-
substituted ice powders doped with 0.1 M NaOD. The relative
intensity of the Bragg peak characteristic to ice XI in the
neutron diffraction pattern of D,O ice XI is about 10 times
stronger than the corresponding peak in the X-ray diffraction
pattern of hydrogenous ice XI. For this reason, neutron dif-
fraction is the method of choice to study the nucleation and
growth of ice XI.

2. Experimental Method

[4] We prepared NaOD-doped ice powder by rapid
solidification of misted 0.1 M NaOD solution at 77 K. The
mist passed through an atomizer with 400 pm nozzle
diameter into a cold stainless-steel vessel with a shallow
pool of liquid nitrogen. By quickly freezing the solution, a
substantial amount of NaOD is accommodated as an
impurity in the ice lattice. Evaporation of all the liquid
nitrogen left behind powdered ice on the bottom of the
vessel. About 2 grams of the powdered ice was sealed in a
vanadium can (10 mm diameter, 60 mm height) with helium
gas to increase the thermal conductivity with the cold finger
of a closed cycle helium cryostat. The neutron diffraction
measurements were performed using the Wide Angle Neu-
tron Diffractometer (WAND) [Katano et al., 1998] installed
in a research reactor, High Flux Isotope Reactor, at the Oak
Ridge National Laboratory (ORNL). All the neutron dif-
fraction patterns were collected using a wavelength of
1.476 A with a step angle of 0.2°, and were saved every 5 min
of collection time to observe the growth of ice XI with time.

3. Results and Discussion

[5s] Typical neutron diffraction patterns of ice ITh and ice XI
are respectively shown in Figures 1a and 1b. The major dif-
ference in diffraction patterns of ice XI and ice Ih is the
presence of the isolated 131 Bragg peak in ice XI [e.g.,
Fukazawa et al., 2005], while no peak occurs at that position
for ice Th. As shown in Figure 1b, the 131 Bragg peak orig-
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Figure 1. Typical neutron diffraction profiles of the 0.1 M
NaOD-doped ice at sample temperature 7 = 70 K, which
consists of (a) ice Ih, and (b) ice XI (14%) and ice Th (86%).
The dots mark the measured intensities. The solid line shows
the calculated diffraction pattern using the best-fit parameters
from Rietveld analysis. The peak positions calculated from
the structure of ice Ih with hydrogen-disordered arrangement
(P63/mmc) are shown by blue ticks below the diffraction pat-
terns. The peak positions calculated from the structure of ice
XI with the hydrogen-ordered arrangement (Cmc2,) are
shown by green ticks in Figure 1b. The 131 Bragg peak,
which results from ice XI, was observed in Figure 1b at
26 = 40.28°. The insets show the crystal structure of ice
Ih (Figure la) and ice XI (Figure 1b). The red and black
circles respectively represent oxygen and hydrogen atoms.

inated from ice XI was observed at 26 = 40.28°, whereas no
corresponding peak was observed for ice Th shown in
Figure la.

[6] Sample 1, which did not have the experience of
changing into ice XI in the past, was mounted in a cryostat
and cooled to 70 K. Neutron diffraction measurements were
started when the temperature 7 reached 70 K. Figure 2a
shows the diffraction profiles in the range of 26 = 39.48—
41.08° for the 131 Bragg peak, which results from the
structure of ice XI. Yellow, white and blue regions show
increasingly stronger intensities on the peak. The 131 Bragg
peak was not observed, and the intensity in the range of 26 =
39.48-41.08° did not increase with ¢, where ¢ is the time
passed since the measurements began. The results indicate
that the formation of ice XI did not occur in Sample 1 at
70 K.

[71] We also measured the neutron diffraction profiles of
Sample 2. The chemical composition and sample preparation
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of Sample 2 were the same as those of Sample 1. The
measurements were started when 7 reached 60 K. Obtained
diffraction profiles are shown in Figure 2b. The 131 peak
was not observed at # = 0, and grew with ¢ until = 91.5 hr.
Because the peak is from the hydrogen ordered arrangement,
the peak indicates the appearance of ice XI. We changed T
from 60 K to 65 K at = 45.0 hr and subsequently to 70 K
at t = 68.9 hr, and the peak intensity increased more clearly
until # = 91.5 hr. These results show that ice XI starts to
grow at 60 K and it continuously grows at 65 and 70 K.
When ¢ reached 91.5 hr, the temperature of Sample 2 was
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Figure 2. The 131 Bragg peak in the time-resolved neutron
diffraction pattern for (a) Sample 1 and (b) Sample 2. Yellow,
white and blue regions show increasingly strong intensities
on the peak. The 131 Bragg peak from ice XI, which is forbid-
den in ice Ih, was not observed in Figure 2a. Ice XI is not
formed at 70 K in the doped ice, which has not experienced
changing into ice X1 in the past. On the other hand, the Bragg
peak appears at 20 = 40.28° in Figure 2b and the intensity
increases with time ¢ until # = 91.5 hr. Ice XI starts to grow
at 60 K and it continuously grows at 65 and 70 K. To trans-
form ice XI back to ice Ih, the temperature of Sample 2 was
raised above 76 K, the Th-XI transition temperature, at ¢ =
91.5 and 161.5 hr. After that, ice XI grows again when
the back-transformed sample is kept at 70 K and 72 K. Data
were not collected during ¢ = 51.11-79.94 hr for Sample 1
and ¢ = 40.81-48.52 hr for Sample 2.
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Figure 3. (a) Temperature history of the samples and (b) the mass fraction of ice XI to that of the doped ice (f) versus ¢.

raised to 100 K, above the Th-XI transition temperature at
76 K, and the peak disappeared suddenly. Thus, ice XI
vanished at 100 K.

[8] Then, Sample 2 was cooled to 70 K. The peak was
observed again, and it became strong with ¢. The peak intensity
is proportional to the mass; therefore, the result suggests that
the mass of ice XI increased at 70 K. Enhancement of the
growth of ice XI in addition to the nucleation below 65 K was
already reported by Arakawa et al. [2010] using 0.013 M
KOD-doped ices. However, nucleation of ice XI above 70 K
has never been reported.

[9] The sample was warmed up to 111 K at#=161.5 hr to
transform it back to ice Th. It was kept above the transition
temperature for 6 hr. This is considered to be enough time to
completely reverse the phase transition to ice Ih [Fukazawa
et al., 2006b]. The 131 Bragg peak disappeared, which
indicates the sample was transformed to ordinary ice Th again.
After that, the sample was cooled to 72 K. The 131 Bragg
peak appeared and the intensity increased with 7 again.
Temperature histories of the samples are shown in Figure 3a.

[10] The phase transition from ice Th to XI occurred in
Sample 2 at 70 and 72 K whereas the transition did not occur
in Sample 1 at 70 K. The only difference between Sample 1
and 2 is the prior experience of becoming ice XI. It is
worthwhile to note that ice XI formed at higher tempera-
tures than the nucleation temperature of ice XI at 65 K if the
ice had the experience of becoming ice XI in the past. The
mass fraction of ice XI to that of the doped ice (f) was
estimated using Rietveld analysis. A two-phase model, which
includes ice Th and XI, were applied. Figure 3 schematically
shows the mass fraction of ice XI (Figure 3b) with the tem-
perature histories of the samples (Figure 3a). After Sample 2
was transformed back to ice Ih at r+ = 91.5 and 161.5 hr,
the f value of Sample 2 increased again when the sample

3

was kept at 70 and 72 K. The growth of ice XI at 70 K
was faster than that at 72 K. The results suggest that the
driving force for the transformation to ice XI from Ih is
larger at lower temperature.

[11] Previous studies showed that ice XI did not form at
temperatures higher than 65 K. However, this study shows
that the formation of ice XI at 70 and 72 K. This result
suggests the presence of a template acting as the nuclei of ice
XI. In general, a small metastable domain with a high ratio of
the surface area to the volume can exist, even in a thermo-
dynamically unstable condition. Thus, small domains with
ordered hydrogen, which cannot be detected with neutron
diffraction, exist above the boundary temperature between ice
Ih and XI. It was reported that 5 x 5 x 5 unit cells can even
give broad diffraction peaks in the powder pattern [ Neder and
Proffen, 2008]. Therefore, the size of the small hydrogen-
ordered domains which gave no observable diffraction
pattern is considered to be smaller than several nanometers.
The small ordered-domain is called “memory” of hydrogen
ordered structure because of the residual structure of ice XI.
We propose that the phenomenon reported here is named
the “memory effect of hydrogen ordering”.

[12] The small ordered domains can exist because the local
arrangement of hydrogen atoms is frozen below the glass
transition temperature (in the region of 130-165 K [e.g.,
Velikov et al., 2001]). Thus, the domains exist in bulk ice up to
the glass transition temperature although the bulk properties
of ice might be almost the same as ordinary ice. An inelastic
neutron scattering study [Fukazawa et al., 2003] also sup-
ports the existence of a small hydrogen-ordered domain.
Small ice particles whose sizes are similar to the ordered
domains can behave as hydrogen ordered domains. Therefore,
small icy grains in space are hydrogen-ordered ice. Indeed,
spectroscopic studies of thin ice film shows the hydrogen
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Figure 4. Area where the hydrogen ordered ice exists in
our solar system. The blue area represents temperatures at
which the small hydrogen ordered domains exists because
of the “memory”. Bulk ice XI exists as a stable form below
72 K for H,O ice (green area). The narrow orange area (57—
62 K) shows the previously reported temperature range
where the nucleation of ice XI occurs [Fukazawa et al.,
2006a]. Note that these temperatures are slightly lower than
those reported in the present study on D,0O ices because of
the H-D isotope effect. In this area, bulk of ice XI is formed
without the “memory effect”. The E, M, J, S, U, N, and P
respectively indicate Earth, Mars, Jupiter, Saturn, Uranus,
Neptune, and Pluto.

ordered at temperatures higher than 76 K (up to about 150 K)
[Su et al., 1998; Wang et al., 2005; Arakawa et al., 2009].
Furthermore, molecular dynamics simulations also support
the idea that small confined hydrogen-ordered structures
should exist at higher temperatures [Mikami et al., 2009].
Therefore, we conclude that the proposed small hydrogen-
ordered domains exist in space at any temperatures below
the glass transition temperature, if the ice has experienced
temperatures below 72 K and becoming ferroelectric ice
(Figure 4). Jupiter and Saturn are in the temperature range
of the small hydrogen-ordered ice. Crystals in the Jovian
and Saturnian region, however, had not experienced lower
temperatures such as 57-62 K in the formation process of the
solar system because ice crystal grains might be formed by the
condensation of water vapor during the cooling of the solar
nebula in the Jovian and Saturnian region.

[13] The OH ions, derived from the doped NaOD, sub-
stitute for H,O sites in the ice, and increase the mobility of
hydrogen atoms. Since the dopant acts as an accelerator for
the transition, the observed “memory” effect occurs in other
doped ices and natural ice with a small amount of defects.
Strong electrostatic attractive force acts between the ferro-
electric ices. Even if impact heating, formation of protostar,
seasonal variation of planet, or the other astronomical pro-
cesses raised the temperature of the ice, the small hydrogen-
ordered domains could have remained and have influenced
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planetary formation. The ferroelectric ice exists in the whole
process of formation and evolution of protostar nebulae.

4. Conclusions

[14] Time-resolved neutron diffraction patterns of 0.1 M
NaOD-doped ices were measured. The phase transition from
ice Th to XI occurred at higher temperatures than the nucle-
ation temperature of ice XI at 65 K if the ice had the expe-
rience of becoming ice XI in the past. The results suggest
that small hydrogen-ordered domains, which cannot be
detected with neutron diffraction, exist above the boundary
temperature between ice Ih and XI. This phenomenon enables
hydrogen-ordered ferroelectric ice to remain up to 150 K. The
ferroelectric ice could exist in the whole process of formation
and evolution of protostar nebulae, and have played impor-
tant roles in planetary formation and evolution of icy grains.
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