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ABSTRACT: To investigate the effects of deposition temperature,
Td, on the phase transition of amorphous ice with heating, the
infrared spectra of ice deposited at temperatures of 6−160 K were
measured. From the changing rate of the wavenumber of the O−H
symmetric stretching mode with heating, the transition processes
from high-density amorphous (HDA) ice to crystalline hexagonal
ice Ih via low-density amorphous (LDA) ice and ice Ic were
analyzed. The results show that the structure of the deposited ice
depends on Td and is classified into six types: (i) HDA ice at Td <
20 K, (ii) a mixture of HDA and LDA ice at 20 K < Td < 80 K, (iii)
LDA ice at 80 K < Td < 130 K, (iv) a mixture of LDA ice and Ic at
130 K < Td < 140 K, (v) Ic at 140 K < Td < 150 K, and (vi) a
mixture of Ic and Ih at Td > ∼150 K. Furthermore, the processes of
the structural transitions from the deposited ice with heating reflect Td. These results have important implications for the chemical
evolution processes in interstellar molecular clouds.

1. INTRODUCTION
In interstellar molecular clouds, the elements such as H, O, C,
and N are deposited onto dust grains and form various
molecules such as H2O, CO, CO2, CH3OH, H2CO, and
NH3.

1,2 Most H2O exists as amorphous ice and covers dust
grains as an ice mantle.3,4 The included and adsorbed
molecules in amorphous ice undergo chemical evolutions to
complex organic molecules through various reaction pro-
cesses.5 It is essential to understand the mechanisms of the
structural changes of amorphous ice with heating because the
surface and interface of amorphous ice act as a reaction field.6,7

Amorphous ice can artificially form using various proce-
dures, such as the pressurization of crystalline ice,8 vapor
deposition on cold substrates,9 ultrarapid quenching of liquid
water,10 and matrix sublimation.11 Vapor deposition is a
process similar to the formation of amorphous ice in
interstellar molecular clouds. Amorphous ice formed by
vapor deposition is mainly classified into two types: high-
density amorphous (HDA) and low-density amorphous
(LDA) ice.9 Using the X-ray diffraction method, Narten et
al.9 showed that the density of amorphous ice deposited at 10
K is 1.1 ± 0.1 g cm−3 and higher than that deposited at 77 K
(0.94 ± 0.03 g cm−3). HDA ice, deposited at lower
temperatures, has a higher density owing to its collapsed
tetrahedral structure.12

HDA ice deposited at low temperatures undergoes phase
transitions during heating. Various studies have been
performed to investigate the transition process from HDA

ice after deposition. Based on the measurements of gas
evaporation, Laufer et al.13 showed that there are at least two
types of amorphous ice and that the transition temperature
from a low-temperature phase (i.e., HDA ice) to a high-
temperature phase is 85 K. From the desorption curve of H2O
for amorphous ice with heating after the deposition at 10 K,
Kouchi14 proposed that amorphous ice is classified into three
structures: phase I at T < 90 K, phase II at 90 K < T < 135 K,
and phase III at 135 K < T < 143 K. Using the electron
diffraction method, Jenniskens and Blake15 investigated the
process of the phase transition from HDA ice deposited at 15
K with heating and showed that the HDA ice transforms into
LDA ice gradually over the temperature range of 38−68 K.
Furthermore, they proposed that the LDA ice transforms into a
third phase, which named “restrained” amorphous ice� a
precursor of crystalline cubic ice (ice Ic) at 131 K that
transforms into ice Ic in the range of 148−188 K. Bolina et al.16

showed that the deposited ice exists in an amorphous state at
temperatures below 135 K, i.e., a grass transition temperature
Tg.

17 At temperatures above Tg, amorphous ice undergoes a
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crystallization. The reported crystallization point of amorphous
ice ranges from 130 to 160 K.18

Ice crystallized from amorphous ice with heating, i.e., ice Ic,
is a metastable phase.19 Hansen et al.20,21 showed that the ice
includes deformation stacking faults. Malkin et al.22 proposed
naming the stacking disorder ice, Isd, because its structure
consists of cubic and hexagonal sequences. The stacking
disorder structure and cubicity depend on the formation and
annealing processes.23 Ice Isd has been mainly observed in
relatively thicker samples made by vapor deposition.24 On the
other hand, thin samples exist as ice Ic because stacking faults
are less likely to be present in thin samples.25−27 From the
observations using cryogenic transmission electron microscopy
(TEM), Kobayashi and Yasuda25 found that deposited ice at
95 K with 20 nm in thickness was ice Ic. From the TEM
observation, Kouchi et al.26 showed that ice deposited at 120 K
with 45 nm in thickness was also ice Ic. Using reflection high-
energy electron diffraction (RHEED), Sato et al.27 showed that
ice crystallized at 143 K from amorphous ice with 36
monolayers was a mixture of ice Ic and ice Ih. In addition,
pure ice Ic was formed from hydrogen hydrate through an
amorphous state and annealing of the ice XVII phase.28,29

Previous results indicate that the transition between
amorphous−amorphous phases for vapor-deposited ice occurs
at around 38−90 K.13−15 However, the mechanism of the
phase transition is less conclusive because the transition
temperature depends on the formation conditions of the ice
samples. In addition, the transition process is affected by
inclusions and ultraviolet irradiation. For instance, HDA ice
including CO2 transforms into CO2 clathrate hydrate with
heating.30 The UV-irradiated amorphous ice exhibits a liquid-
like viscosity over the temperature range of 50−140 K.31

To investigate the effects of the deposition temperature on
the transition process of amorphous ice with heating, the
infrared (IR) spectra of amorphous ice deposited at temper-
atures of 6−160 K were measured. Based on the wavenumber
of the O−H symmetric stretching mode, the transition
temperatures from HDA ice to crystalline hexagonal ice (ice
Ih) via LDA ice and ice Ic were analyzed.

2. METHODS
Ice samples were prepared by vapor deposition of water on an
oxygen-free copper substrate with a gold coating in a stainless-
steel vacuum chamber, which had two KBr windows to
transmit the incident and reflected IR beams. The temperature
of the substrate was controlled using a Gifford-McMahon
(GM) cryocooler (Sumitomo Heavy Industries, RDK-101D).
The pressure inside the chamber was maintained at around 3.0
× 10−5 Pa using a turbomolecular pump (Pfeiffer, HiPace 80).

Before deposition, the water was purified by distillation and
degassing with two cycles of freezing and thawing. H2O vapor
from the water was introduced into the vacuum chamber
through a capillary tube with an inner diameter of 1 mm and
deposited on the substrate at a rate of 0.4 nm s−1 and a
temperature range of 6−160 K. The thickness of the sample
immediately after deposition, estimated from the intensity of
the O−H stretching mode in the IR spectrum, was maintained
at 25 ± 5 nm. The absorption coefficient of the O−H
stretching mode for amorphous ice (1.7 × 10−16 cm
molecule−1) was used to estimate the sample thickness.32

The IR spectra were measured in the wavenumber range of
650−4000 cm−1 with a 1 cm−1 resolution at 3.2 s intervals
during the deposition using a Fourier-transform IR spectrom-

eter (Shimadzu, IRPrestige-21). The angle of the incident
infrared beam to the substrate was 20°, with the reflection
being detected through the ice sample. After the deposition,
the sample was cooled to 6 K and then heated to 176 K at a
rate of 5 K min−1. The IR spectra were measured every 3.2 s
during the cooling and heating processes. The temperature of
the sample was not constant during the measurement of a
single spectrum because the temperature-programmed IR was
used. However, the influence of the temperature change on a
spectrum was negligible because the change in temperature
during a measurement was 0.27 K.

3. RESULTS AND DISCUSSION
3.1. Phase Transition with Heating. Figure 1a shows the

IR spectra of amorphous ice deposited at 6 K in the

wavenumber region of the O−H stretching modes during
heating from 6 K. The spectral features change with heating,
and the peaks disappear at around 170 K owing to the
sublimation of water. As several peaks exist in this region, the
peak positions were analyzed by fitting the spectrum using
three Gaussian functions, as shown in Figure 2. The peaks at
3208, 3294, and 3418 cm−1 at 6 K are assigned to the overtone
of the O−H bending mode, the O−H asymmetric stretching

Figure 1. IR spectra of the O−H stretching modes of ice deposited at
(a) 6 K, (b) 57 K, (c) 104 K, and (d) 140 K during heating from 6 K.
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mode, and the O−H symmetric stretching mode of H2O,
respectively.33

Figure 3a shows the temperature dependence of the
wavenumber of the O−H symmetric stretching mode of the
amorphous ice deposited at 6 K with heating. As shown in
Figure 4, the changing rate of the wavenumber with
temperature changes at 23, 95, 152, and 167 K. The
wavenumbers are approximately constant at temperatures
below 23 K. In this range, vapor-deposited ice exists as HDA
ice.13−15 For liquid water and crystalline ice, the wavenumber
of the O−H stretching mode increases with heating owing to
thermal expansion because the wavenumber of the O−H
stretching mode increases owing to a decrease in the strength
of hydrogen bonds. In the case of HDA ice, no increase was
observed in the wavenumber with heating because the
relaxation of the collapsed structure proceeds preferentially.

The wavenumber of the O−H symmetric stretching mode
gradually decreases from 23 to 95 K. This indicates that the
transition from HDA to LDA ice begins at around 23 K. The
O−H symmetric stretching mode of LDA ice is lower than that
of HDA ice because the hydrogen bond in LDA ice is
stronger.34 HDA ice transforms into LDA ice owing to the
relaxation of the collapsed structure.15 The beginning temper-
ature of the transition from HDA to LDA ice (i.e., 23 K) is

close to the temperature of the pore collapse in the porous
amorphous solid water (pASW).35 This suggests that the
transition from HDA to LDA ice is a cause of the pore collapse
in pASW. The relative amount of LDA ice increases with
heating, and the transition concludes at around 95 K. At
temperatures above 95 K, the wavenumber gradually increases
with the thermal expansion of the LDA ice.

Drastic decreases in the wavenumbers of the O−H
stretching mode are observed at around 152 and 167 K.
Figure 5a shows that the spectral features change significantly
in the temperature range of 152−155 K. The decrease in
wavenumber at around 152 K is attributed to the crystallization
from LDA ice, considering the spectral feature at 155 K is
similar to that of crystalline ice I.36 Although ice I is Ic, Ih, or a
mixture of Ic and Ih,

25−27 the ice samples of the present study
were assigned to ice Ic because the thicknesses of the samples
were thin enough (25 ± 5 nm). As shown in Figures 4d and
5b, no significant changes in the spectral feature and
wavenumber are observed in the range of 156−164 K. This

Figure 2. Decomposed spectra of ice at (a) 6 K, (b) 60 K, (c) 120 K,
and (d) 167 K during heating from 6 K after the deposition at 6 K.
The black solid and blue dashed lines are the experimental data and
fitting curves, respectively. The red lines are the sum of the fitting
curves.

Figure 3. Temperature dependences of peak position of the O−H
symmetric stretching mode of ice with heating from 6 K after the
cooling from the deposition temperature Td of (a) 6 K, (b) 57 K, (c)
104 K, and (d) 140 K. The pink and blue dashed lines show the
temperatures at the beginning and end of the transition from HDA ice
to LDA ice, respectively. The green and red dashed lines are the
transition temperatures from LDA ice to ice Ic and from ice Ic to ice
Ih, respectively.
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indicates that the transition from LDA ice to ice Ic
approximately completed in the temperature range of 152−
155 K, which corresponds to about 36 s. At temperatures
above 167 K, the O−H stretching band shifts to lower
wavenumbers, as shown in Figures 4d and 5c. The significant
decrease in wavenumber at around 167 K is attributed to the
transition from ice Ic to ice Ih via Isd.

37 This temperature is
consistent with the reported transition temperature from ice Isd
to ice Ih (160−240 K).38 The hydrogen bonds of ice Ih is
slightly stronger than that of Isd. The average O−O distance
between hydrogen-bonded water molecules in ice Ih (0.2752
nm at 123 K39) is slightly smaller than that in Isd (0.2755 nm at
>120 K34). In the case of the transition from pure Ic to Ih, the
O−H stretching band shifts to a higher wavenumber.40 This

suggests that the stacking disordered structure in Isd causes a
decrease in the strength of the hydrogen bonds.
3.2. Effects of Deposition Temperature on the Ice

Structure. The structure of ice after cooling from the
deposition temperature, Td, reflects the structure at the
moment of its deposition. The blue lines in Figure 1b−d
show the IR spectra of ice deposited at 57, 104, and 140 K
after cooling to 6 K from their Td. The spectral features at 6 K
depend on Td. The spectra for ice with Td = 57 and 104 K are
broad in comparison with that of Td = 6 K, whereas the
spectrum for ice with Td = 140 K is sharp. The spectral features
of ice with Td = 140 K are similar to those of ice I.36

Figure 6 shows the wavenumber of the O−H symmetric
stretching mode at 6 K after cooling from Td as a function of
Td. Based on the decreasing rate of the wavenumber with Td,
the deposited ice is classified into six structures: (i) HDA at Td
< 20 K, (ii) a mixture of HDA and LDA at 20 K < Td < 80 K,
(iii) LDA at 80 K < Td < 130 K, (iv) a mixture of LDA and Ic
at 130 K < Td < 140 K, (v) Ic at 140 K < Td < 150 K, and (vi) a
mixture of Ic and Ih at Td > ∼150 K. The wavenumbers in the
ranges of Td < 20 K, 80 K < Td < 130 K, and 140 K < Td < 150
K are approximately constant, respectively. Therefore, the
structures in these temperature ranges are assigned to the pure
states of HDA, LDA, and Ic, respectively, instead of the mixed
states. The decrease in the wavenumber observed at 20 K < Td
< 80 K indicates that HDA and LDA ices coexist in this
temperature range, and the relative amount of LDA increases
as the deposition temperature increases.

The drastic decrease in the wavenumber observed at 130 K
< Td < 140 K indicates that the deposited ice includes ice Ic
and that the relative amount of ice Ic increases as the

Figure 4. Enlarged figures of temperature dependence of peak
position of the O−H symmetric stretching mode of ice with Td = 6 K
(a). (b,c) Enlarged figures around the beginning and end of the
transition from HDA ice to LDA ice, respectively. (d) Enlarged figure
in the range of the crystallization. The purple dotted lines are the
fitted lines to determine the transition temperatures.

Figure 5. Variations of IR spectra in the temperature range of (a)
152−155 K, (b) 156−164 K, and (c) 165−168 K during heating from
6 K after the deposition at 6 K. The dotted lines are the guides to
show the trends of the band shift.
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deposition temperature increases. The beginning temperature
(130 K) is lower than the beginning temperature for the
formation of Ic with heating (i.e., 152 K for the ice with Td = 6
K, as described in Section 3.1.). The result suggests that the
activation energy for the transition from water vapor to ice Ic is
lower than that of LDA ice. In the case of crystallization from
amorphous ice, the nucleation of ice crystals in amorphous ice
occurs randomly, with the growth rate dependent on
temperature.36 Using the reported crystallization time, i.e.,
the time required for the 100% conversion from amorphous ice
to crystal, in the temperature range of 152−172 K,41 the
crystallization time from LDA at 130 K is estimated to be 4.7 ×
106 s. The crystallization time decreases with heating, reaching
5.0 × 103 s at 152 K. Thus, the formation of ice Ic was observed
at 152 K in the case of heating of amorphous ice with Td = 6 K.

The drastic decrease in wavenumber observed at around 150
K in Figure 6 indicates that a mixture of ice Ic and Ih is
deposited at temperatures above 150 K. This temperature is
also lower than the transition temperature from ice Ic to ice Ih
(167 K for ice with Td = 6 K) owing to the transition from
water vapor.
3.3. Effects of Deposition Temperature on the Phase

Transition Process. As shown in Figure 1b−d, the changing
process in the spectral features with heating depends on the
deposition temperature. Hence, the spectral changes with
heating were analyzed to investigate the effects of the
deposition temperature on the transition processes. Figure
3b−d shows the temperature dependence of the wavenumber
of the O−H symmetric stretching mode of ice deposited at 57,
104, and 140 K with heating after cooling to 6 K from Td. In
the case of Td = 57, four transitions are observed at 59, 102,
154, and 163 K, although the transition temperatures differ
from those for Td = 6 K. In contrast, only one or two transition
points are observed in the cases of Td = 104 and 140 K.

Figure 7 shows the transition points as functions of Td. The
two lower transition points (pink and blue circles) are
observed at deposition temperatures below 95 K. The first-
and second-lowest points are at the beginning and end of the
transition from HDA ice to LDA ice, respectively. These
results indicate that the deposited ice includes HDA at
temperatures below 95 K. In the range of Td = 95−133 K, the
deposited ice exists as pure LDA ice. As indicated by the
dotted line, the beginning points denoted by pink circles are
approximately consistent with the deposition points at the
temperatures. This suggests that the structure and composition

of the mixture of deposited ice are stable during cooling and
heating at temperatures below Td.

The green and red circles represent the beginning points of
crystallization from LDA ice to ice Ic and the phase transition
from Ic to Ih, respectively. These temperatures are independent
of Td. This indicates that the deposition conditions do not
affect the structure of the LDA ice after the transition from
HDA ice with heating. As described in Section 3.2., the
deposited ice exists as Ic, ice Ih, or their mixture at Td > ∼140
K. Thus, the transition point denoted by the green circle
disappears, and only a transition to ice Ih occurs. The
dispersion observed at around 140 K implies that the mixtures
are inhomogeneous.
3.4. Effects of the Surface Structure on the Phase

Transition Process. As shown by the pink circles in Figure 7,
the beginning point of the transition from HDA ice to LDA ice
disperses at temperatures below 20 K. For instance, the
maximum and minimum transition points for ice deposition at
6 K were 23 and 54 K, respectively. The red and blue symbols
in Figure 8 show the temperature dependence of the
wavenumber of the O−H symmetric stretching mode of
amorphous ice deposited at 6 K with the maximum and
minimum transition points. As shown in Figure 8, ice with a

Figure 6. Peak position of the O−H symmetric stretching mode of ice
after cooling to 6 K as a function of the deposition temperature Td. Figure 7. Dependences of transition temperatures on deposition

temperature Td from the IR spectra with heating. The pink and blue
circles show the beginning and end of the transition from HDA ice to
LDA ice, respectively. The green and red circles are the transition
temperatures from LDA ice to ice Ic and from ice Ic to ice Ih,
respectively. The dotted line shows a point at which the transition
temperature is equal to Td.

Figure 8. Temperature dependence of wavenumber of the O−H
symmetric stretching mode of two samples with Td = 6 K with
heating.
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higher wavenumber in the O−H symmetric stretching mode at
6 K has a higher transition point from HDA ice to LDA ice.
The difference in the wavenumbers is attributed to the
difference in the specific surface area of the deposited HDA ice.

The density of HDA ice is higher than that of LDA ice
because of the existence of interstitial molecules between the
first and second neighbors.42 The transition from HDA ice to
LDA ice occurs due to a relaxation of the distorted structure.
However, in the case of HDA ice with a large specific surface
area, surface relaxation may alleviate structural distortion. As
shown by the red symbols in Figure 8, for ice with a higher
wavenumber of the O−H symmetric stretching mode at 6 K,
the higher wavenumber was maintained at temperatures below
the beginning point of the transition to LDA (i.e., 54 K). This
indicates that the purity of HDA ice in this sample is higher
than that of another sample denoted by the blue line because
the wavenumber of the O−H symmetric stretching mode of
HDA ice is higher than that of LDA ice.34 The large surface
area caused by pores and cracks might affect the formation of
pure HDA ice to defuse tension from the distorted structure of
HDA ice.43

4. CONCLUSIONS
The IR spectra of the deposited ice at temperatures of 6−160
K were measured to investigate the effects of deposition
temperature on the phase transition process of ice with
heating. The results show that the deposited ice can be
classified into six types: (i) HDA at Td < 20 K; (ii) a mixture of
HDA and LDA at 20 K < Td < 80 K; (iii) LDA at 80 K < Td <
130 K; (iv) a mixture of LDA and ice Ic at 130 K < Td < 140 K;
(v) ice Ic at 140 K < Td < 150 K; and (vi) a mixture of ice Ic
and ice Ih at Td > 150 K. At temperatures above 20 K, the
structure and composition of the mixture of deposited ice
remains stable during cooling and heating at temperatures
below Td. The transition from HDA to LDA ice occurs
gradually with heating at temperatures above Td. The structure
of LDA ice is independent of the deposition conditions and
thermal history after deposition. Furthermore, the transition
temperature from HDA to LDA ice reflects the surface
structure of the deposited HDA ice at Td < 20 K. The structure
of the deposited ice and the transition temperatures might
depend on the deposition rate and heating rate after the
deposition because the deposition rate and heating rate have
effects on the structural changes.3,44,45 The temperature
dependence of the structure during deposition and the phase
transition temperature during heating determined in this study
are those at the deposition rate = 0.4 nm s−1 and the heating
rate = 5 K min−1, respectively. However, the present results
suggest that the ice structure can be a measure of the thermal
history of ice in interstellar molecular clouds.
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