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Crystalline ice formation requires water molecules to be sufficiently mobile to find and settle on the
thermodynamically most stable site. Upon cooling, however, diffusion and rearrangement become
increasingly kinetically difficult. Water ice grown by the condensation of water vapor in laboratory is thus
generally assumed to be in a metastable amorphous form below 100 K. Here, we demonstrate the

Received 18th May 2017, possibility of crystalline ice formation at extremely low temperature using a water/neon matrix (1/1000,

Accepted 16th June 2017 30000 monolayers) prepared at 6 K, which is subsequently warmed to 11-12 K. In situ infrared spectroscopy
revealed the assembly of the dispersed water molecules, forming crystalline ice | during the sublimation of

the neon matrix for 40—250 seconds. This finding indicates that the high mobility of the water molecules during
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Introduction

Water exhibits a rich variety of solid forms. Seventeen crystalline
phases have so far been discovered experimentally: two forms
of ice I (i.e., hexagonal ice I, and cubic ice I.) and ice II-XVL.">
This unique polymorphism stems from hydrogen-bonding
networks that are sensitive to pressure and temperature. At low
temperatures, however, amorphous ice without any long-range
ordered structure is generated.>® For example, water vapor
deposition on a substrate below 100 K usually results in amor-
phous ice: the impinging water molecules readily create hydrogen
bonds with the ice surface before they can diffuse to the energe-
tically most-favorable crystalline sites.” Because the activation
barrier for rearrangement of the hydrogen-bonding network is
60 & 10 kJ mol*,*° amorphous ice can become crystalline within
laboratory timescales only at temperatures above 130 K.*° Crystal-
lisation below 60 K would take much longer than the age of the
universe.'® For example, cosmic dust grains, the precursors of
planetary materials, remain covered with amorphous ice in cold
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matrix sublimation can overcome the kinetic barrier to form crystals even at extremely low temperature.

interstellar clouds at 10-20 K during their lifetimes of tens of
million years.""'? The formation of crystalline ice at extremely low
temperature has thus been implicitly precluded.

This study reports the formation of crystalline water ice at
11-12 K. We prepared a water/neon matrix (H,O/Ne = 1/1000)
at 6 K in a vacuum environment, in which H,O molecules
were dispersed in a Ne crystal. The matrix was then warmed to
11-12 K to let the Ne atoms sublime. In situ infrared (IR) spectro-
scopy revealed that the dispersed H,O molecules assembled while
the Ne atoms sublimed, forming a long-range ordered crystalline
hydrogen-bonding network.

Experimental methods

The experimental apparatus comprised a main ultrahigh vacuum
chamber (base pressure 10 ® Pa), an Al substrate mounted on the
cold head of a closed-cycle He refrigerator, and a Fourier trans-
form infrared spectrometer (FT-IR)."* The apparatus is essentially
identical to that of our previous study.'*'> The temperature of
the Al substrate was measured using a Si-diode sensor (DT-670,
Lakeshore) placed at the end of the cold head, and controlled with
an accuracy £0.2 K using a Lakeshore Model 325 temperature
controller and two ceramic heaters (100 W).

Purified liquid H,O (resistivity >18.2 MQ cm at 298 K) was
obtained from a Millipore Milli-Q water purification system and
degassed by several freeze-pump-thaw cycles. The measurement
of decoupled OD stretching vibrations of HDO molecules in the
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H,0 ice employed purified H,O liquid with 2.0 wt% (1.8 mol%)
D,O (deuteration degree >99.9%, Merck) to obtain a water
sample containing about 3.5 mol% HDO with a negligible amount
of D,0. A mixture of water vapor and Ne gas (99.999%, Tokyo Gas
Chemicals) or Ar gas (99.9999%, Koatsu Gas Kogyo) in a ratio
of 1:1000 was introduced onto the substrate at 6 K through a
capillary plate, typically for 30 min at 1 x 10~> Pa. Since the
conductance of the gas line should be different between H,O and
Ne (or Ar) gases, the actual matrix composition may be different
from the premixed gas ratio. The pressure was measured using
a cold cathode gauge (423 I-Mag® Cold Cathode Vacuum
Sensor, MKS) and calculated using the gas correction factor for
Ne (0.30). This approximately corresponds to an exposure of
6 x 10" molecules cm 2. For reference, there are about 2.0(1.4) x
10" molecules cm ™~ on the surface of crystalline Ne(Ar), considering
that there are four molecules in a unit cell with lattice parameters of
a = 4.46(5.30) A.***” Hence, 6 x 10*° molecules cm™2 correspond
to 30000 (42 000) monolayers (ML) exposure, assuming 1 ML =
2.0(1.4) x 10" molecules cm 2. The film thickness was roughly
estimated to be about 7(11) pm.

The prepared H,O/Ne matrix was warmed at a rate of
0.1 K s' to the desired temperature (10.5-13 K with an
accuracy of +1 K) to sublime the Ne matrix. The pressure in
the main chamber was increased to the order of 10" Pa during
sublimation of the Ne matrix. The time required for Ne matrix
sublimation (and thus ice formation) is summarized in Table 1.
The errors reflect fluctuations in temperature during heating
in independent statistical experiments. At 10 K, Ne did not
completely sublime even after 60 min. Samples were monitored
in situ by FT-IR in reflection geometry (incident angle 83°) with
a resolution of 2 cm ™" at a scan speed of 2 cm s~ ' (Spectrum
One, PerkinElmer). Spectra were accumulated 100 times (about
105 s) unless otherwise stated. Integrated IR intensities for the
OH stretching vibration band of the ice samples obtained after
Ne/Ar matrix sublimation were equivalent with an accuracy
of +£10%.

Vapor-deposited H,O ice was produced by the vapor deposi-
tion of water onto the substrate at 11 K through the capillary
plate, typically for 7 min at 1 x 10> Pa. This corresponds to the
exposure of approximately 2 x 10'® molecules cm ™2, Crystalline
ice was produced by annealing the vapor-deposited amorphous
ice from 11 K to 160 K and cooling it back to 11 K for IR
measurements.

Table 1 Ne matrix sublimation time and averaged Ne sublimation rate at
10.5-13 K

Sublimation Averaged Ne sublimation
Temperature (K) time (s)* rate (ML s~ )°
10.5 910 + 86 33+3
11 170 + 84 233 £+ 115
12 47 £ 8 667 £+ 122
13 15+1 2009 + 134

“ The time to reach the target temperature from 6 K (at heating rate of
0.1 K s~ ") is not counted due to the sufficiently low sublimation rate
below 10.5 K. ” We assume 30000 ML of the Ne matrix, neglecting any
sublimation of the Ne matrix during heating to the target temperature.
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Experimental results

Fig. 1A shows the IR reflection-absorption spectrum of the OH
stretching vibrational mode of H,O monomers in the H,O/Ne
(1/1000) matrix at 6 K just after exposure of approximately
6 x 10" molecules cm ™. This scheme is well known in matrix
isolation spectroscopy.'® " Given that H,O monomers are almost
freely rotating in the inert Ne matrix at 6 K, the IR spectrum shows
rovibrational transitions.'® H,O dimers are evident at 3763
and 3590 cm™,*® as well as a small number of H,O trimers
at 3530 em ™ .*°

The H,0O/Ne matrix was then warmed at a rate of 0.1 K s~ to
11 K. Fig. 1B shows transient single spectra of the H,0O/Ne
matrix during heating to 11 K from 6 K. Fig. 1C shows 20
accumulated IR spectra measured after the H,O/Ne matrix
reached 11 K. These figures show that H,O clusters (dimer to
hexamer) had already formed above 9 K. These clusters were
formed predominantly in the bulk matrix, because H,O molecules
can diffuse in a bulk Ne matrix above 9 K,?* and the Ne atoms
sublime sufficiently slowly below 10.5 K (Table 1).

Fig. 1D shows transient single spectra recorded during the
Ne matrix sublimation at 11 K. The average Ne sublimation rate
is 233 + 115 ML s ' (Table 1). The spectral shape clearly
changes during the sublimation, as the monomers and clusters
aggregated to form ice. The spectra measured at 38 and 78 s
show a broad absorption peak at 3300-3400 cm ™', indicating
the formation of amorphous ice. The peak then gradually
red-shifted in subsequent spectra (104-126 s), and the sharp
crystalline feature denoting a four-coordinated tetrahedral
hydrogen-bonding network later appeared at around 3230 cm™ "
(150-196 ).

Fig. 2 compares IR spectra measured at 11 K of the ice
obtained after sublimation of the Ne matrix, vapor-deposited
amorphous ice, and crystalline ice I. The samples were pre-
pared using H,O with 3.5 mol% HDO to allow measurement of
the OD stretching vibration decoupled from intramolecular and
intermolecular OH stretching vibrations,”>° because the peak
frequency of its simple spectrum is sensitive to the local lattice
structure (oxygen-oxygen distance) of the ice.”’*° The OH
spectrum of vapor-deposited amorphous ice shows a broad
absorption feature with a peak at around 3400 cm ™" (Fig. 2A).
This is remarkably different from the spectrum of the ice
obtained after sublimation of the Ne matrix, which is clearly
similar to that of crystalline ice.

In the decoupled OD stretching vibrational region (Fig. 2B),
crystalline ice I shows a sharp single peak at 2414 cm '.*°
In contrast, vapor-deposited amorphous ice has a broad feature
with a peak at 2450 cm ™. The ice obtained after sublimation of
the Ne matrix shows an OD spectrum with a peak at 2414 cm ™,
which is in agreement with that of crystalline ice I at 11 K. Other
high-pressure phases of ice have peak frequencies generally blue-
shifted from that of ice I due to the long oxygen-oxygen distances,
which arise due to weak hydrogen bonds."””*® Clathrate hydrates
also have peak frequencies different from those of ice I, depending
on the guest-host interactions.>*™*' Hence, we conclude that
the ice obtained after Ne matrix sublimation is crystalline ice I.

This journal is © the Owner Societies 2017


http://dx.doi.org/10.1039/c7cp03315j

Published on 16 June 2017. Downloaded by MIT Library on 14/07/2017 08:41:56.

PCCP

| A H,O/Ne (1/1000) matrix at 6 K

M (v3)
101-0c0

M (V1) M (1)
111-000 110-1 01

Reflection-absorbance

Trimer

3850 3800 3750 3700 3650 3600 3550 3500
Wavenumber (cm’)

| € H,O/Ne matrix at 11 K

Tetramer
Monomer

Pentamer
leer Dimer Cyclic-hexamer
/Cage-hexamer

}

Trimer

Reflection-absorbance

0.00 — ;
3900 3800 3700 3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm™)

Fig. 1

Reflection-absorbance

Reflection-absorbance

View Article Online

Paper

H,O/Ne matrix at 6 K

3900 3800 3700 3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm’)

D Ne sublimation at 11 K

196 s
172s
150's
126s
104 s
78s
38s

0.08 4

0.04
Os

0.00 ; ; ;
3900 3800 3700 3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm™)

Infrared reflection—absorption spectra in the OH stretching vibrational region. (A) H,O in a Ne matrix (H,O/Ne = 1/1000) at 6 K. M(v3 or 11)

represents rovibrational transitions of the monomer in the v3 and v1 stretching mode, where indications J e Jk.k. | are rotational assignments.*®

altc

(B) Lower blue spectrum is the H,O/Ne (1/1000) matrix at 6 K. Black spectra are transient single spectra during heating to 11 K from 6 K. M, D, Tri, Tet, Pen, and
Hex represent monomer, dimer, trimer, tetramer, pentamer, and hexamer, respectively. (C) Twenty accumulated IR spectra measured after the H,O/Ne matrix
reached 11 K. The measurement time was 21 s. (D) Black lines are transient single spectra during sublimation of the Ne matrix at 11 K. The upper red line is for

the ice obtained after Ne matrix sublimation at 11 K. The dashed gray guideline is at 3230 cm™2. The assignment is based on the references.

18-21

Note that IR spectroscopy cannot distinguish between I;, and during the sublimation of Ne and that the sublimation rate

I."*" The small shoulder appearing at a high wavenumber

suggests a minor amount of amorphous ice.

We also found that the ice became amorphous, rather than
crystalline, at 13 or 10.5 K (Fig. 3). Typical times for Ne
sublimation are 15 + 1 s (2009 + 134 ML s ') at 13 K and
910 4 86 s (33 + 3 ML s ') at 10.5 K (Table 1). Although the OH
spectra at 13 K and 10.5 K have a peak at 3270 cm ™', there
is no clear peak at around 3230 cm™* (Fig. 3A). The peak at
3270 em™" has been ascribed to four-coordinated water mole-
cules with a distorted tetrahedral structure.?>”>* The OD spectral
shapes are sharper and red-shifted compared with that of the
vapor-deposited amorphous ice (Fig. 2B and 3B). However, the
2414 em™" crystalline peak is weaker at 10.5 K than that at
11-12 K, and it is absent at 13 K. Because the OD-stretch
frequency red-shifts as strong hydrogen bonds with short
lattice distances are formed,>?® these results indicate that
the ices formed at 10.5 and 13 K are predominantly amorphous,
but they have stronger hydrogen-bonding networks than the
vapor-deposited amorphous ice (Fig. S1, ESIT). Crystalline ice
formed only at 11-12 K, when the sublimation time was in the
range of 39-254 s (118-789 ML s ') (Table 1). The temperature
dependence shows that unique molecular dynamics occur

This journal is © the Owner Societies 2017

has a key influence on the lattice structure of ice.

For further elucidating the crystalline ice formation mechanism,
we performed experiments using a water/argon (H,O/Ar = 1/1000)
matrix prepared at 6 K (Fig. 4). We found that the ice became
amorphous, even when the average Ar matrix sublimation rate is
412 ML s~ " at 46 K, corresponding to an intermediate sublimation
rate of the Ne matrix for the crystalline ice formation at 11-12 K
(118-789 ML s, Table 1).

Fig. 4A shows the IR spectrum of an H,O/Ar (1/1000) matrix
at 6 K."®*>*3 The number of H,O dimers appears to be smaller
than that in the H,0O/Ne matrix (Fig. 1A)."® In addition, the
reflection-absorbance intensity was weaker in the Ar matrix
than in the Ne matrix (Fig. 1). These differences can arise from
the thickness difference between the Ar (42 000 ML, 11 pm) and
Ne (30000 ML, 7 pm) matrices assuming the same amount
of exposure (6 x 10" molecules cm ™ ?): the number density of
H,0 molecules can become small in a thick sample, and the
IR reflection-absorbance intensity strongly depends on film
thickness due to optical interference effects.** Fig. 4B shows
transient single spectra of the H,O/Ar matrix during heating to
46 K from 6 K at a rate of 0.2 K s~ . These spectra show that
most of the H,O monomers had already been aggregated to

Phys. Chem. Chem. Phys., 2017, 19, 17677-17684 | 17679
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Fig. 2 Infrared reflection—absorption spectra of ice after Ne matrix sub-
limation, vapor-deposited amorphous ice, and crystalline ice I. (A) OH
stretching vibrational region. (B) OD stretching vibrational region. The ice
samples were prepared using H,O with 3.5 mol% HDO. The dashed gray
guideline is at 2414 cm™.

form water clusters in the bulk of the Ar matrix before reaching
46 K.'721%5 This is different from the H,0O/Ne matrix at 11 K, in
which a substantial amount of H,O monomers still remains
(Fig. 1B). Water clusters larger than a hexamer were evident at
3140 cm ' in the H,O/Ar matrix at 46 K (Fig. 4C).*"

Fig. 4D shows transient single spectra recorded during the
Ar matrix sublimation at 46 K. Further aggregation of these
water clusters eventually resulted in the formation of amor-
phous ice. The OH spectrum has a peak at 3306 cm ™' after
sublimation of the Ar matrix (102 s). In the decoupled OD
stretching vibrational region (Fig. 5), the ice has a broad feature
with a peak at 2446 cm ™', but lacks the 2414 cm ™' crystalline
peak. The formation of amorphous ice has also been observed
in our previous study using the sublimation of a CO matrix
(H,O/CO = 1/50), in which most of the H,O molecules were
also aggregated in the bulk of the CO matrix during heating to
35 K from 10 K.' These results suggest that once large water
clusters and amorphous ices were formed in the matrix, they
cannot attain a crystalline configuration by structural rearran-
gement during further aggregation. Crystalline ice formation
at 11-12 K can mainly occur through the aggregation of water
monomers and/or small clusters on the sublimating surface of
the solid Ne.

17680 | Phys. Chem. Chem. Phys., 2017, 19, 17677-17684
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Fig. 3 Infrared reflection—absorption spectra of ice obtained after Ne
matrix sublimation at 10.5-13 K using H,O with 3.5 mol% HDO. (A) OH
stretching vibrational region. The dotted and dashed gray guidelines are at
3270 and 3230 cm™? respectively. (B) OD stretching vibrational region.
The dashed gray guideline is at 2414 cm™.

Discussion

We discuss below the formation conditions of crystalline/
amorphous ice, focusing on the mobility of H,O molecules.”
The formation of crystalline ice requires water molecules to
settle on the energetically most-favorable sites. They must
therefore be able to diffuse to a suitable site before new
monomers are adsorbed and molecular motion ceases.” For
this to occur, the surface diffusion coefficient, Dy (cm® s™%),
multiplied by the time taken to cover the surface by adsorbed
water molecules, Z.over (), must be greater than the lattice site
area of the crystalline ice, aj..> (cm?).”

Ds Leover > aicez; (1)

where ajc is the lattice parameter of the crystalline ice. The
surface diffusivity of H,O molecules on solid Ne (e.g., on the
surface of the Ne matrix subliming here) differs greatly from
that on water ice (e.g., from vapor deposition). The van der
Waals interaction between an H,O molecule and a Ne atom is
0.80 k] mol " (96 K), which is slightly stronger than that of a
Ne-Ne dimer (0.35 k] mol™, 42 K) and much weaker than the
hydrogen-bond strength for the H,0-H,O dimer (20.8 k] mol %,

This journal is © the Owner Societies 2017
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Fig. 6 Schematic of water ice formation by Ne matrix sublimation.

too short to allow H,0 molecules to settle in crystalline config-
urations. At 10.5 K, water molecules would mainly aggregate in
the bulk of the Ne matrix rather than on the sublimating
surface, owing to the slow sublimation rate of Ne at this
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temperature (910 = 86 s, 33 + 3 ML s ') and to the non-
negligible diffusivity of water molecules in the bulk Ne matrix
above 9 K.*' However, the bulk diffusivity is much lower than
that at the surface,”* and this is likely to prevent water
molecules from attaining a crystalline configuration below
10.5 K. In fact, the formation of amorphous ice was confirmed
in the experiments using the H,O/Ar (1/1000) matrix, where the
aggregation of water monomers mainly occurs in the bulk of
the Ar matrix before reaching the sublimation temperature of
46 K (Fig. 4 and 5).

It should be noted that, in the early stages of Ne sublimation
at 11 K, amorphous ice forms mainly by the aggregation of
water molecules (0-104 s, Fig. 1D). We also confirmed that only
amorphous ice is formed at 11 K when the initial thickness of
the H,0O/Ne matrix is decreased. Fig. 7 shows IR reflection—-
absorption spectra of the ice obtained after Ne matrix sublimation
at 11 K with different exposures (1.5-6.0 x 10" molecules cm™?)
using H,0 with 3.5 mol% HDO. The OH and decoupled OD
stretching vibrational regions are shown in Fig. 7A and B,
respectively. Fig. 7C shows the dangling OH stretching vibra-
tional region, for reference. Because the times required for
the Ne matrix sublimation at 11 K almost linearly increased
with increasing gas exposure (Fig. 7D), there was no thermal
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Fig. 7 Infrared reflection—absorption spectra of ices obtained after Ne matrix sublimation at 11 K with different exposures (1.5-6.0 x 10*° cm™2) using

H,O with 3.5 mol% HDO, for (A) OH stretching, (B) decoupled OD stretching,

and (C) dangling OH stretching vibrational regions, in which the exposure of

the H,O/Ne (1/1000) gas is approximately 1.5 x 10 molecules cm~2 (black), 3.0 x 10*° molecules cm~2 (blue), 4.5 x 10*® molecules cm~2 (green), and
6.0 x 10 molecules cm™2 (red). (D) Plots of the times required for the Ne matrix sublimation as function of gas exposure: 48 s (1.5 x 10*° molecules cm™3),
90 s (3.0 x 10 molecules cm™3), 128 s (4.5 x 10 molecules cm~2), and 172 s (6.0 x 10'° molecules cm™2). The gray guideline is a linear fit for

reference.
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gradient across the H,O/Ne matrix in each thickness experiment.
The exposure of the H,O/Ne gas less than 3.0 x 10" molecules
em 2 led both the OH and OD stretching vibrational spectra
to show broad absorption features, indicating the formation of
amorphous ice at 11 K. This thickness dependence of the resulting
ice structures suggests that long-range ordered crystalline ice
formation takes place after the formation of amorphous ice, which
is consistent with the transient single spectra during Ne matrix
sublimation at 11 K in Fig. 1D. These results suggest the size
dependence of the stable configuration of water ice: the thermo-
dynamically lowest-energy lattice structure is amorphous for the
initially formed small ice aggregates. In good agreement with our
results, previous studies have reported that for small water
clusters, typically n < 200, the amorphous structure is energeti-
cally more stable than a crystalline, long-range ordered tetra-
hedral network.”>>* The sublimation of the thick Ne matrix (by
refreshing the surface) would allow the ice to grow a long-range
ordered crystalline structure from the surface of a sufficiently
large amorphous ice on the solid Ne.

Finally, the dangling OH bonds are briefly discussed. Fig. 7C
shows two small peaks assigned to the dangling OH bonds
at around 3720 and 3698 cm™'. These peaks are assigned to
two- and three-coordinated H,O molecules, respectively.>>™>
The signal intensities of the dangling OH bonds were almost
constant in the ices with different exposures (1.5-6.0 X
10" molecules cm ?). This indicates that the dangling OH
bonds should be mainly attributed to the microporous structure
of amorphous ice formed in the early stages of Ne sublimation.
The crystalline ice subsequently formed on the amorphous ice
would have a compact structure with a low concentration of
dangling OH bonds.

A molecular-level understanding of the crystalline ice formation
at 11-12 K will require a more detailed future investigation.
In addition to FT-IR, diffraction studies are also highly desirable
to elucidate the formation of ice I, I, or stacking disordered ice I
(ice I,4),>®® as well as the possible presence of clathrate hydrates.
Previous studies examining clathrate hydrates have reported that
molecular transport is promoted by the presence of defects in the
structure.”>*"*° Theoretical studies show the dependence of
clathrate-hydrate formation rates on the abundance and mobility
of vacancy/interstitial defects rather than orientational (Bjerrum)
defects.”" In the present study, the amorphous ice formed in the
early stages of Ne sublimation can have a high population of
vacancy/interstitial defects, as suggested by the presence of the
dangling OH bonds (Fig. 7). This can promote the mobility of the
H,0 molecules at the ice surface during further aggregation on
the solid Ne, and trigger the crystalline ice formation at 11-12 K.
Evaluation of the role of defects in the observed low-temperature
crystalline ice formation awaits molecular dynamics simulations.

Conclusions

We have demonstrated the possibility of crystalline-ice formation
at an extremely low temperature of 11-12 K through Ne sublima-
tion from a solid H,O/Ne (1/1000) matrix, which is much colder

This journal is © the Owner Societies 2017
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than the traditionally believed temperature of crystalline-ice for-
mation. Our results show a novel crystal formation mechanism;
that is, the molecules in a weakly interacting system can be
sufficiently mobile to overcome the kinetic barrier to form crystals
even at extremely low temperature.
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