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ABSTRACT

Ice is ubiquitous, and it has the unique characteristic of exhibiting many polymorphs. Although
the rich polymorphism of water ice is due to the existence of hydrogen-order—disorder phases,
the order—disorder transition of ice Ic remains unresolved. Through cryogenic transmission
electron microscopy, we observed annealing process of ~50-nm sized ice Ic islands on an
amorphous SiN substrate at 100-130 K. Water molecules diffused freely on the surface of ice Ic
and amorphous SiN under this condition, resulting the coarsening of islands. We found that ~10
nm thick hydrogen-ordered cubic ices grew on the surface of ice Ic islands during coarsening.

There might be hydrogen-ordered cubic ices on the surface of ice Ic in various objects in space.

KEYWORDS: Ice Ic, Hydrogen-ordering, Coarsening, Cryogenic Transmission electron

microscopy, Electron diffraction.



INTRODUCTION

Water ice is one of the most abundant solid materials in the universe. It is ubiquitous on the
Earth and icy bodies of the outer solar system. A unique characteristic of water ice is that it has
many polymorphs. Currently, approximately 20 water ice polymorphs have been experimentally
confirmed depending on pressure and temperature,'® and this number will soon increase because
more structures have been predicted by computational studies’®. The rich polymorphism of
water ice is due to the existence of hydrogen-order—disorder phases with identical oxygen lattice
structures. Pauling discovered residual entropy for hexagonal ice I (ice Th), which is a stable
phase under atmospheric pressure at low temperatures, and the arrangement of hydrogen atoms
in ice Th is disordered. The hydrogen-ordered form of ice Ih is called ice XI. The formation of ice
X1 via KOH doping and annealing of ice Th at approximately 70 K was reported.”!! A previous
study discovered the formation of ice XI via irradiation of cubic ice I (ice Ic) with high-energy
electrons at 95 K.'?> However, the formation of ice XI without a dopant or irradiation has not
been achieved despite much active research, and the order—disorder transition of hydrogen atoms
in ice crystals can facilitate the understanding of the polymorphism of water ice.

Compared with ice Ih, little is known of the hydrogen-ordered form of metastable ice Ic.'*2°
The structural difference between ice Th and ice Ic lies in the stacking sequence of the oxygen
lattices (wurtzite vs. diamond), and ice Ic exhibits a disordered arrangement of hydrogen atoms.
Only two experimental studies (heat capacity measurement of ice Ic and infrared (IR)
spectroscopy of KOH-doped ice Ic) have been performed on hydrogen-ordered cubic ice.!*?! No
diffraction study has been performed on hydrogen-ordered cubic ice because large amount of
crystals (typically 1 cm?®) are indispensable in the identification of hydrogen-ordered ice by

neutron diffraction. Recently, we developed an ultrahigh vacuum cryogenic transmission



electron microscope that enables electron diffraction of nanocrystals.”> Here, we demonstrated
that hydrogen-ordered cubic ice was formed by simply annealing ice Ic islands on a substrate in
the range of 100—130 K without a dopant, indicating that the order—disorder transition might be
higher than 130 K. The pressure and temperature conditions used were similar to those in
interstellar space. Therefore, our results strongly suggested that interstellar ice could exhibit
hydrogen-ordered forms when annealed after the formation of a protostar.
EXPERIMENTAL METHODS

We developed an ultrahigh vacuum transmission electron microscope, and the details are
described elsewhere.?? Briefly, a column of the microscope was evacuated using five ion pumps.
The pressure measured using a nude ionization gauge mounted between the column and ion
pump was ~1 x 107 Pa. The partial pressure of H,O measured using a quadrupole mass
spectrometer was ~3 x 10~® Pa. Considering that the specimen was surrounded by a liquid
nitrogen shroud, the total pressure and partial pressure of H>O near the specimen were
maintained lower than the measured values. The sample specimen was cooled using a Gatan
ULTST cooling holder. Although this holder was originally made for liquid He use, we used
liquid N2. The minimum temperature attained was approximately 70 K, and the duration of
observation was approximately 1 and 6 h at 70 and 130 K, respectively. This is because the
lower the temperature, the more liquid-N> must flow to maintain the temperature. One of three
ICF 70 ports directed at the surface of the specimen at an incident angle of 55° was used for ice
deposition, and a Ti gas inlet tube with a 0.4-mm inner diameter faced the substrate. The other
two ports were used for an ultraviolet (UV) lamp (30-W D; lamp, Hamamatsu, L7293) and the
quadrupole mass spectrometer (ULVAC, BGM2-101). Before setting the lamp for transmission

electron microscopy (TEM), the UV flux was measured to be ~2 x 10'® photons cm 2 s~ ! using



another vacuum chamber. The UV rays from the D, lamp were collimated using a mirror-
finished pure Al collimator.

A previous study observed UV-induced formation of ice XI in situ using an extremely weak
electron beam (~6 x 1073 electrons A% s™! at the sample position, 20000x) with an accelerating
voltage of 80 kV.?? However, we observed that the electron diffraction spots of hydrogen-
ordered cubic ice were too weak to be detected. Therefore, we used an approximately 20 times
stronger electron beam (0.1 electrons A2 s™' = 10'° electrons cm 2 s~ ! at the sample position,
20000x%). Notably, the intensity of the electron beam was still weaker than that in the usual TEM
observation, and we could not observe any image on the fluorescent screen. To avoid electron
beam damage, we operated in the low magnification mode (20000—-30000x%) using a charge-
coupled device (CCD) camera (Gatan, ESSO0W). The electron diffraction patterns were
collected in the central 700-nm circular region, including approximately 20 crystals, with an
exposure time in the range of 180-300 s. In these conditions, we could not obtain an ideal
powder diffraction pattern, and the intensity of strong diffraction spots was saturated. Therefore,
we did not perform detailed crystal structure analysis as usually performed in the structural
analysis of ice crystals by X-ray or neutron powder diffraction.

Ice Ic was deposited at 140 K on 5-nm-thick amorphous SiN films (SiMPore Inc., SN100-
A05Q33A). We could not precisely estimate the thickness of the ice samples because the
sticking coefficient of H,O vapor on the substrate was not unity under a pressure of ~1 x 107°
Pa?* and because the samples were not uniform films but three-dimensional islands. Roughly, the
thickness of the ice Ic islands might be approximately 50 nm, resulting in a deposition rate of 50
nm/10 min. After deposition, the samples were cooled to the desired temperature range of 83—

130 K. We performed three systematic experiments: annealing, UV irradiation, and long-term



electron irradiation. In the first two, observations were made at completely different sites of the
sample to avoid long-term (>5 min) electron beam irradiation. During electron irradiation,
conversely, the irradiation and observation area was limited to 6 x 6 um? to investigate the effect
of electron irradiation. In addition, we performed slow deposition at 120 K and crystallization of
amorphous ice at 130 K. For all experiments, the diameter of the electron beam was
approximately 10 um. The durations of the observations at 130 and 83 K were 6 and 2 h,
respectively.

To identify the phase of the produced ice, d-spacings (d) and relative intensities of peaks in
electron diffraction from hydrogen-ordered cubic and hexagonal ices were calculated based on
the lattice model proposed by Raza et al.'®, which provided 11 structures of hydrogen-ordered
cubic ice (C1-C11) and 16 structures of hydrogen-ordered hexagonal ice (HI-H16) using the
Recipro program.?* C1-C11 and H1-H16 correspond to the structure numbers in a previous
study.'® According to the definition of the unit cell for C1-C11 by Raza et al., the unit cell is

2 X 1 x 1 supercell of tetragonal cell which is created by cutting through the (011) plane of

hydrogen-disordered cubic ice. The resultant unit cell is orthorhombic cell with vV2a x V2 a/2 x

a, where a is the side length of hydrogen-disordered cubic ice.'® For hexagonal ice,

orthorhombic cell with vV2a x vV6a x 4+/3a/3 constructed by Hirsch and Ojamie was used.”!
The actual value of lattice constants of each structure used for calculations were listed in Table
S1, and these were slightly different because of relaxation operations.'®

The program can calculate relative intensities and reproduce electron diffraction patterns using
lattice parameters, atom types, and atom positions. In this calculation, the space group for all
ordered phases was defined as P1 to exclude the symmetry constraints (reflection conditions

arising from the symmetry of the space group were not included in the data). We used the



relaxed structure data of lattice parameters (Table S1) and all atomic positions (8 oxygen and 16
hydrogen atoms) of each ordered phase.!® The calculation results for C1-C11 were summarized
in Table 1 and for readability of the table, d was normalized so that the highest value of d, which

corresponds to hkl~111 in ice Ic, was 3.68 A.

For comparison, we also calculated d and relative intensities from stacking-disordered forms of
ice (ice Isd), which consists of mixed stacking sequences of Th and Ic. It should be noted that the
most of bulk ice Ic observed experimentally in the past might be Isd,?® and only recently, pure
bulk ice Ic has been successfully produced.?’?® The most characteristic feature of Isd is that the

diffraction peak can be found around 3.8 A, which does not appear in ice Ic.2® Although various

patterns of stacking are possible in Isd, here we have made calculations for several polymorphs
(4H, 6H, 9R)**-** with geometrically defining unit cells and atomic positions without relaxing
operation. We defined the distance between oxygen atoms was 2.75 A, and the shorter distance
between oxygen and hydrogen atoms was 1.01 A. The oxygen atoms made tetrahedron and
hydrogen positions were disordered. The structure and lattice parameters of Isd was shown in Fig.
S1 and Table S1, respectively, and the calculation results of d and relative intensities for Isd was
listed in Table 2. The listed relative intensities of each set of structures were calculated by
normalizing the plane with the strongest reflection intensity as 100. This plane corresponds to

that with d = 3.68 A in all structures. Note that the three structures listed here as representatives

of ices Isd are still not known to exist as a single crystal. In addition, it will be future work to

calculate more realistic relative intensities from the structures with relaxation operations.
Interestingly, the calculated d and relative intensities of hydrogen-ordered cubic ice did not

match that of the ideal space group (Table 1). For example, the space group of C1 is /41md, and

electron diffraction from the lattice plane with d = 9.01 A, which appears in the calculation,



cannot appear for this space group. The same issue can be seen in the other simulated results
though their relative intensities were very weak. This is due to the small difference in atomic
positions between the relaxed and ideal structures. It is very interesting that the relaxed structure
shows reflections that would not be seen in such an ideal structure. We used the simulated data
for discussion because they would be more realistic. To compare with the hydrogen-ordered
cubic ice, we referred to the diffraction patterns of ice Ih,*! ice Ic,*'. and ice XI which
corresponds to H1'® (Table 2). Regarding hydrogen-ordered hexagonal ice, in addition to H1,
only H9 and H11 are shown in Table 2 because of the similarity of the data. Table 2 shows that
the diffraction spots of hydrogen-ordered cubic ice corresponding to d larger than 4 A never
overlapped with the diffraction spots of ices Isd, ice Ih, ice Ic. In hydrogen-ordered hexagonal
ice, d=7.81, 5.36, and 4.50-4.51 A are greater than 4 A and overlap with hydrogen-ordered
cubic ice at d = 4.50-4.51 A. We also discovered that d = 3.19 A was observed only in hydrogen-
ordered cubic ice. Therefore, the d-spacings observed mainly in hydrogen-ordered cubic ice were
used to group the polymorphs into Groups A (d =9.01 A), B(d=6.37 A),C(d=521A),D(d=
4.51 A), and E (d = 3.19 A). Hydrogen-ordered cubic ice or hexagonal ice could be identified
when one of the diffraction spots belonging to the groups appeared.

Table 1. Calculated relative intensities of hydrogen-ordered ices Ic in electron diffractions

Structure number and ideal space group

d(d)  hk*  Group (] C2 C3 c4 Cs C6 C7 €8 (€9 Cl0 Cl1
I41md P41212 Pna21 Pna21 Pmn21 Pca21 P21212 Pc Pc P21 P21
9.01 100 A + + + + + + + +
6.38 001 B + + + + + + + + + +
5.21 101 C + + + + + + + + + +
25510 200,010 D + + + + + + + +
4.03 110 + + + + + + + +
3.68 011,201 +++ +++ +H+ +++ +++ 4+ A A
341 111 + ++ + + + + + + =+ O+ +



3.19 210, 002 E + + + + + + + +
3.01 102,300 + + + + + + + + + + +

2.85 211 + + + + + + + + + + +

2.72 301 + + + + + + + o+ o+

2.60 012,202 ++ + ++ + + + + o+ o+ 4
250 112,310 + ++ + + ++ + + =+ o+ =+ o+

2.33 311 + + + + ++ + + o+ o+

2.25- 020,212,

2.26 400 -+ -+ o +++ 4+ -+ A A A
2.19 302,120 + ++ ++ + ++ ++ ++ ++ +

2.12 40 1)’2(103’ + ++ ++ ++ ++ + + o
2.07 103,121 + ++ + ++ ++ ++ ++ =+ o+ =+ o+

The diffraction intensities are grouped according to the calculated relative intensities (%) into
+++, 1-100; ++, 0.1-1; and +, 0.001-0.1.

M iller indices for C1-C11.

Table 2. Calculated relative intensities of ices Isd (4H, 6H, 9R), ice XI (~H1), hydrogen-ordered

ice Th (H9 and H11), and referred data by X-ray diffractions.

d(A) hkl* Group Cl~11 4H 6H 9R H1 H9 HI11 Th° Ic®
9.01 100 A +

7.81 +

6.38 001 B +

5.36 +

5.21 101 C +

4.51- 200,
4.50 010
4.03 110 +

392_ [ T [ [
390 +++ T T T T

3.88 +++
3.84 +++ +
3.80 +++
3.77 +++
011,

3.68 201 FH FH F— F— FH F— -+ -+ -+

3.53 +++

346_ [ T [ [
342 +++ +++ T T T T

341 111 ++




3.36
3.33

3.19
3.05
3.01

2.95
2.92
2.85
2.84
2.74
2.72
2.68

2.60
2.53
2.50

2.45
2.38
2.35
2.34
2.33
2.30

2.25-
2.26

2.19

2.17
2.15
2.13

2.12

2.08
2.07

210,
002

102,
300

211

301

012,
202

112,
310

311

020,
212,
400
302,
120

401,
003,
021

103,
121

+++
++
J’_
-+
+ ++
+ +
+++
+ +
+++
+ +
++
-+ 4 F+ 4
++
+++
++
+++ + +
+++
et
++
++
+
++
++ ++
++ + ++
+++
++ +
At e b e
++

The diffraction intensities are grouped according to the calculated relative intensities (%) into
+++, 1-100; ++, 0.1-1; and +, 0.001-0.1.

aMiller indices for C1-C11.

®Measured by X-ray
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RESULTS AND DISCUSSION

The changes in the TEM images and electron diffraction patterns during annealing at 120 K
are shown in Figure 1A and B. The ice crystals deposited at 140 K and cooled to 120 K were
discrete three-dimensional (3D) islands and were uniformly approximately 50 nm in size.
Thereafter, the islands coarsened. As shown in Figure 1B, the initial ice was ice Ic, and many
diffraction spots appeared with time, which did not correspond to ice Ih or XI. A similar change
in the electron diffraction pattern was observed when cooled to 130 K, but no such change was
observed when cooled to 83 K. Ice Ic sometimes includes ice Isd.?®*? When stacking-disordered
ice is included, the electron diffraction pattern shows some streaks, as shown in Figure 2 and the
literature (Figure 3 in reference'? and Figure 8 in reference’?). However, we did not observe any
streaks in our ice Ic samples. The density of streaks in these samples decreases in the following
order: Figure 3 in reference'? > Figure 2b in reference'? > Figure 2 of this paper >> all starting

ice Ic in this study. Therefore, we considered the fraction of ice Ic in our sample to be significant.
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Figure 1. In situ TEM observation of annealing and electron irradiation experiments. Changes in
TEM images and electron diffraction patterns during annealing (A, B) and electron irradiation (C,
D) at 120 K. In annealing experiments (A, B), observations were made at completely different
sites of the sample to avoid electron beam irradiation. During electron irradiation, conversely, the
irradiation and observation area was limited to 6 x 6 um? to investigate the effect of electron
irradiation. The elapsed time is shown in each figure. White scale bars, 500 nm; yellow scale

bars, 2 nm .
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Figure 2. Electron diffraction pattern of an ice sample after 123 min of annealing of ice Ic at 130
K. Some streaks caused by the formation of stacking faults, shown by pink broken arrows, were
observed. The possibility of the observation of stacking faults is very small, <0.01. Therefore, we

considered that the fraction of ice Isd in the initial ice Ic is very small. Yellow scale bars, 2 nm .

From Table 1 and 2, there were no diffraction spots at d >4 A and d = 3.19 A except for those
corresponding to the hydrogen-ordered cubic (and hexagonal) ice polymorphs. Therefore, we
identified hydrogen-ordered ice polymorphs when these diffraction spots were observed. Figure
3 shows some of the diffraction spots observed in this study. We observed many diffraction spots
belonging to Group A, B, C, and E, which are only observed in hydrogen-ordered cubic ice.
Group E (d =3.19 A) was the most frequently observed polymorphs and appeared throughout the
annealing experiment. Groups B (d = 6.38 A) and C (d = 5.21 A) were observed in the middle to
later stages. Group A (d =9.01 A), which contains the most stable polymorph of hydrogen-
ordered cubic ice (space group: [41md), was observed only in the final stage. The ratio observed
in the annealing experiments, Group A:Group B:Group C:Group E, was obtained in the

following manner. The number of diffraction spots in Groups A-E were counted in several

13



experiments at each annealing temperature. These appearances were summed for all experiments
at all temperatures from 100-130 K. We found that the ratio was Group A:Group B:Group
C:Group E = 3:6:13:78. Thus, several hydrogen-ordered cubic ices were formed by simply
annealing nondoped hydrogen-disordered ice Ic within 120-130 K. A study on annealing of
KOH-doped ice Ic at 70 K suggested that the formed hydrogen-ordered cubic ice might be in a
thermodynamically metastable phase with space group Pna2:.'* Although their assignment using

IR spectra was not unique, their suggestion correlated with our observation.
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Figure 3. Identification of hydrogen-ordered cubic ices by electron diffraction. Electron
diffraction patterns of hydrogen-ordered cubic ice formed by UV irradiation of ice Ic at 120 K
for 370 min (A), annealing of ice Ic at 130 K for 342 min (B), annealing of ice Ic at 130 K for
327 min (C), and UV irradiation of ice Ic at 100 K for 61 min (D). Orange, yellow, green, blue,
and purple arrowheads show the diffraction spots of Groups A (d =9.01 A), B (d=6.38 A), C (d
=521A),D(d=4.51A),and E (d =3.19 A) of hydrogen-ordered cubic ice, respectively.

Yellow scale bars, 2 nm ™.

The change in the number density of the islands at various annealing temperatures (Figure 4)
showed that coarsening rapidly proceeded at high temperatures. The number density decreased
with time (A) depending on the temperature. An activation process with activation energy E. was
assumed, and the time was rescaled by exp(E./kT), where £ is the Boltzmann constant. The
universal function obtained in (B) showed that the power of the function changed in our
experimental data. £, was observed to be approximately 1000 K, probably related to the
interfacial incorporation process. The activation energy of surface diffusion of water molecules
on the a-SiN substrate was approximately 2000 K (Figure S2). Therefore, the interfacial

incorporation process was not the rate-determining process during coarsening.
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Figure 4. Evolution of the number density of the islands as a function of the annealing time

within 83—130 K, with a linear plot (A) and a log—log plot with the scaled time (B).

Figure 5(A) shows an example of how the diameter, D, of a 3D island changes with time
during annealing at 120 K. Initially, D increases rapidly with time, and approaches a constant

value, D = 105 nm. Assuming that the shape of the 3D island is as shown in Figure 5(B), the
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thickness of the grown surface layer, 4, can be calculated. It can be seen that the thickness is

about 10 nm at an annealing time of 50 minutes and about 15 nm at an annealing time of 200

minutes.
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Figure 5. Change of the diameter of islands, D, during annealing experiment at 120 K (A).

Change of the thickness of the newly grown ice layer, 4, calculated using the data in A (B). Pale

blue: ice Ic; blue: newly grown ice layer.
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Figure 6 shows the detection frequency of ice crystal structure obtained from the electron
diffraction pattern during annealing experiment. The black dots indicate that only ice Ic was
observed. The open green circles indicate that diffraction spots other than ice Ic, Ih, and Isd were
observed, indicating the formation of ice with a new structure, but the crystal structure has not
been identified. The blue diamonds indicate that diffraction spots of Groups A-E (see Figure 3)
were observed, showing the formation of hydrogen-ordered cubic ices. At 120-130 K, the new
unidentified ice is observed early (10-20 min.), but at 83-100 K, the new unidentified ice is
observed a little later (30-40 min.). Hydrogen-ordered cubic ices were observed after 50 min. at
100-130 K, and the frequency of their appearance increased with time. To clarify this, the
fraction of the appearance of hydrogen-ordered cubic ices, obtained from the observed crystal
structure data (120 K) in Figure 6, were plotted as a function of thickness (%) as shown in Figure
7. The observed fraction of hydrogen-ordered cubic ice is zero when the thickness is thin, but
increases rapidly at thickness larger than 12 nm. This indicates that the fraction of occurrence of
hydrogen-ordered cubic ice increases as the thickness of the newly grown ice layer increases, i.¢.,
as coarsening proceeds. It is not clear whether this result indicates that hydrogen-ordered cubic
ices formed only in the latter half of coarsening, or a sample with a certain thickness (10 nm) is
necessary for the detection of hydrogen-ordered cubic ices by electron diffraction. In ordinary
crystals, the minimum thickness for the detection of diffraction spots is about 4 layers. However,
to detect diffraction spots of very low intensity (see Table 1), as in hydrogen-ordered cubic ices,
a sample of considerable thickness, e.g. 5-10 nm, would be required. Therefore, it is suggested

that the latter is the more likely explanation.
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Figure 7. Relationship between the observed fraction of hydrogen-ordered cubic ices and the
thickness of the newly grown ice layer, 4, in the 120 K annealing experiment. The data used are
h vs. time in Figure 5B, and observed crystal structures vs. time in Figure 6. The moving average

of the observed fraction was calculated using two neighboring 3-nm width regions.

Figure 8 shows the temperature dependence of the fraction of the detected hydrogen-ordered
cubic ice. During annealing, the fraction was a constant value within 120-130 K, decreased with
decreasing temperature, and became zero at 83 K. As already pointed out, the amount of
hydrogen-ordered cubic ices formed was related to the degree of coarsening (see Figures 5-7),
suggesting that these ices were formed by coarsening. The coarsening indicated that water
molecules diffused on the a-SiN substrate and ice Ic. Therefore, hydrogen-ordered cubic ice can
be formed without dopants when the conditions for movement of water molecules are satisfied.
The measurement of the surface diffusion coefficient of HoO on a-SiN (Figure S2) supported this
conclusion. Furthermore, because we did not observe the formation of a new 3D island on the a-
SiN substrate, hydrogen-ordered cubic ice was suggested to epitaxially grow on the hydrogen-

disordered ice Ic as shown in the inset of Figure 5B.
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Figure 8. Fraction of identified hydrogen-ordered cubic ices (Groups A-E) vs. temperature after
annealing (blue), UV irradiation (purple), and electron irradiation (dark gray). Total numbers of
frames observed are as follows: 80 K: 16, 100 K: 36, 120 K: 34, 130 K: 33 in annealing
experiments; 80 K: 19, 100 K: 33, 120 K: 38, 130 K: 35 in UV irradiation experiments; and 80
K: 16, 100 K: 18, 120 K: 28, 130 K: 32 in electron irradiation experiments. The fraction in left
vertical axis is defined as (number of electron diffraction pattern frames including hydrogen-
ordered cubic ices)/(total number of frames observed) and that in right vertical axis as (number
of electron diffraction pattern frames including hydrogen-ordered cubic ices)/[(total number of
frames observed) x (number of crystals included in the 700-nm circular region in the TEM
image)]. Number of electron diffraction pattern frames including hydrogen-ordered cubic ices is
obtained from the number of blue diamonds in Figure 6. Notably, the fractions shown in the right
vertical axis are the minimum values because we counted only the five groups shown in Figure 3,

and because we rarely observed several hydrogen-ordered cubic ices in one frame.

21



To confirm whether the formation of hydrogen-ordered cubic ice was an effect of the electron
beam irradiation used to obtain electron diffraction patterns, although the duration was only 300
s at most, we performed long-term electron beam irradiation of the same position of the sample
(Figure 1C and D). The TEM images showed that coarsening proceeded as in the annealing
experiments. However, changes were not observed in the electron diffraction pattern of ice Ic,
showing that the formation of hydrogen-ordered cubic ice (Figures 1B and 2) was not due to the
300-s electron irradiation and that long-term electron irradiation destroyed rather than formed
hydrogen-ordered cubic ice. When hydrogen-ordered cubic ice was detected by electron
diffraction, we continuously observed the same position of the sample and discovered that the
intensity of the diffraction spots corresponding to the ice occasionally weakened with time
(Figure 9). A study showed that hydrogen-ordered cubic ice was not detected under high-energy
electron irradiation of ice Ic at 95 K, '? which correlated with our result. Here, hydrogen-ordered
cubic ice was not detected under electron irradiation because the cubic ice formed on the surface
of ice Ic was sputtered and/or its entire layer was destroyed. Figure S3 shows a TEM image after
6-h electron irradiation at the same position, showing that sputtering proceeded. Considering that
the estimated sputtering rate was ~4 nm/h (Figure S3), the disappearance of certain diffraction
spots of hydrogen-ordered cubic ice with 30-min electron irradiation (Figure 9) was suggested to
be due to sputtering. This supported the formation of hydrogen-ordered cubic ice on the surface
of ice Ic. Therefore, the formation of hydrogen-ordered cubic ice shown in Figures 1B and 2 was

not due to the 300-s electron irradiation but to spontaneous phenomena.
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Figure 9. Disappearance of electron diffraction spots of hydrogen-ordered cubic ice with further
electron irradiation. After 15-min electron irradiation, the Group D (d = 4.51 A) diffraction spot
(blue arrowhead in the 5-min irradiation pattern) weakened during annealing at 120 K (A). A
Group E (d =3.19 A) diffraction spot (purple arrowhead) observed in the 5-min irradiation
disappeared after the 20-min electron irradiation in the UV irradiation experiment at 130 K, but

another diffraction spot remained (B). Yellow scale bars, 2 nm .

The formation of hydrogen-ordered cubic ices by coarsening proceeded very slowly under the

condition of very small supersaturation. Thus, we performed additional experiments to confirm
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whether the ice was formed by slow deposition and crystallization of amorphous ice. During a
slow deposition experiment at 120 K (Figure 10), we did not observe changes in the grain size
(number density) or crystalline structure. However, afterward, coarsening and the appearance of
hydrogen-ordered cubic ice were observed. The supersaturation, s, during deposition was defined
as s = (p — pe)/pe, Where p is the actual vapor pressure of H,O and pe is the equilibrium vapor
pressure at 120 K calculated using vapor pressure formula of ice Ih*® ; s was estimated to be
(10 =5 x1071%9/(5 x 10719 ~ 5 x 10°. During the crystallization experiment of amorphous ice
at 130 K (Figure 11), hydrogen-ordered cubic ice was not observed when crystallization was
completed but was observed during coarsening. The supersaturation, s, during crystallization was
defined as s = L(Tm — T)/kTmT, where L is the latent heat of crystallization per molecule at 0 K34,
Tm =273 K (melting point of ice), and 7= 130 K it was calculated to be 0.76. The estimation of
the supersaturations of these two processes indicated that hydrogen-ordered cubic ice was not

formed in such conditions far from equilibrium.
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Figure 10. Changes in TEM images and electron diffraction patterns during slow deposition
followed by annealing at 120 K. First, small ice Ic crystals were formed by deposition at a rate of
~300 nm/h at 140 K for 1 min followed by cooling to 120 K for further slow deposition at a rate
of ~15 nm/h for 3 h. The elapsed time during deposition and annealing is shown in each figure as

white and pale blue numerals. White scale bars, 500 nm; yellow scale bars, 2 nm ™.
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Figure 11. Changes in TEM images and electron diffraction patterns during crystallization of
amorphous ice at 130 K. First, amorphous H>O was deposited at 80 K and warmed to 130 K. The
elapsed time during annealing is shown in each figure. White scale bars, 500 nm; yellow scale

bars, 2 nm .

The fraction of hydrogen-ordered cubic ices formed by UV irradiation is shown in Figure 8.
Within 120-130 K, there was no difference between the annealing and UV irradiation
experiments, indicating that UV irradiation did not affect the formation of hydrogen-ordered
cubic ices. Conversely, we observed that hydrogen-ordered cubic ices were formed by UV
irradiation at 100 K because the OH™ and OH radicals formed by UV irradiation were considered
to increase the mobility of water molecules. The ratio of the hydrogen-ordered cubic ices
observed in the UV irradiation experiments was Group A:Group B:Group C:Group E =
1:1:10:88, which was practically the same as that in the annealing experiments. A previous study
observed the formation of ice XI via UV irradiation of ice Ih within 75-140 K.?> Considering the
present results, whether UV rays affected the formation of ice XI within 120-140 K was
debatable. In addition, they performed only short-term (30—60 min) UV irradiation and annealing
experiments. We strongly suggest that ice XI might be formed by long-term annealing of ice Ih
within 120-140 K without irradiation or doping.

We now discuss the possible formation routes of hydrogen-ordered cubic ices in space (Figure
12). The first possibility is crystallization of amorphous ice. Interstellar grains in molecular
clouds comprise a silicate core, an inner organic mantle, and an outer amorphous H>O mantle.
When the solar nebula was formed, these icy grains were heated and crystallized at
approximately 90 K on a 10°-year time scale® and were annealed. The main difference between

the present study and the conditions in space is the kinds of substrates. Here, a-SiN was used,
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whereas silicate or organics are involved in space. A study investigated the crystallization of
amorphous ice on silicate and organics®® and observed similar 3D islands, as shown in Figure 11.
Therefore, hydrogen-ordered cubic ices can be formed on the surface of ice Ic by crystallization
of amorphous ice and subsequent coarsening. The second possibility is condensation of ice
crystals from the vapor phase. When the solar nebula cooled, condensation of ice Ic occurred in
the Jovian region, resulting in the formation of hydrogen-ordered cubic ices on the surface of ice
Ic by subsequent annealing. Formation of grains will occur in a gas flowing out of the surface of
a giant star. Silicate grains will condense at approximately 1000 K, and ice Ic will condense on
the silicate grains at approximately 100 K.*° Similar to the solar nebula, hydrogen-ordered cubic
ices will grow on the surface of ice Ic. Approximately half of hydrogen-ordered cubic ice is
chiral (space groups: P41, P21, P41212, and P212:2),'*!® and the present results may have

important implications for the origin of the homochirality of organic molecules in space.
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Figure 12. Schematic of the formation of hydrogen-ordered cubic ice in space. The evolution of
icy grains is shown along with the evolution of the Sun. The respective colors show the structure
of the water ice and composition of the refractory grains. The black broken arrows show the
sublimation or condensation of H>O ice. The blue solid arrows indicate the formation of

hydrogen-ordered cubic ice.

CONCLUSION

A summary of the experiments is shown in Figure 13. As described, our novel method for
formation of hydrogen-ordered cubic ices completely differs from that of ice XI. To realize
hydrogen ordering at low temperatures (shorten the relaxation time of molecular movement in
ice Th), KOH doping®!! or high-energy electron irradiation'? was applied to form OH" in ice Ih.
Conversely, the present method produced hydrogen-ordered cubic ices without doping or
irradiation. The formation of discrete 3D islands of ice Ic and subsequent annealing were
essential. Thus, hydrogen-ordered cubic ices can be formed on the surface of ice Ic by
coarsening. At present, the formation mechanism of hydrogen-ordered cubic ices remains
unknown, and we hope that it will be clarified in the near future. For the production of discrete
3D islands of ice Ic, direct deposition of ice Ic and crystallization of amorphous ice are
acceptable. Another important factor is the selection of the substrate. For example, Pt(111), on
which ice Ic epitaxially grows as uniform layers, was inadequate, but a-SiN, on which ice Ic does
not epitaxially grow, was adequate. Furthermore, the surface diffusion coefficient on the
substrate should be considered. Considering that the surface diffusion coefficient on the ice
crystal was sufficiently large between 80 and 130 K,*’ the coefficient on the substrate should also

be sufficiently large (Figure S2).
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Figure 13. Summary of the present experiments. Five experiments were performed: vapor
deposition of ice Ic at 140 K and subsequent annealing, UV irradiation or electron irradiation,
extremely slow vapor deposition and subsequent annealing, and crystallization of amorphous ice
and subsequent annealing. The blue thin dotted lines show vapor deposition, and their length
indicates the deposition rate. The respective colors show the structure of the water ice. The blue
solid arrows indicate the formation of hydrogen-ordered cubic ice, and the black solid arrows

indicate no structural change in ice Ic.
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