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Liquid-like behavior of UV-irradiated interstellar ice
analog at low temperatures
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Interstellar ice is believed to be a cradle of complex organic compounds, commonly found within icy comets and
interstellar clouds, in association with ultraviolet (UV) irradiation and subsequent warming. We found that
UV-irradiated amorphous ices composed of H2O, CH3OH, and NH3 and of pure H2O behave like liquids over
the temperature ranges of 65 to 150 kelvin and 50 to 140 kelvin, respectively. This low-viscosity liquid-like
ice may enhance the formation of organic compounds including prebiotic molecules and the accretion of icy
dust to form icy planetesimals under certain interstellar conditions.
INTRODUCTION
Water-dominated ice is the most abundant solid component of dense
molecular clouds and the outer cold part of protoplanetary disks (1)
and must have played a critical role in the formation of gas and icy
giants in the early solar system as a dominant component of their
building blocks. Remnants of icy planetesimals (small bodies formed
before planets in the early solar system) are now known as comets.
Complex organic materials, including prebiotic molecules, have been
observed in comets (2–4) and found in extraterrestrial materials such
as returned cometary particles, interplanetary dust particles, carbona-
ceous micrometeorites, and chondrites (5–8). Ice and organic matter
preserved in small planetesimals could have been a source of Earth’s
ocean and life (9), respectively. Consequently, understanding their
formation and evolution in the solar system is one of the main scien-
tific objectives of ongoing asteroidal sample-return missions (10, 11).

Ultraviolet (UV) photon irradiation of amorphous H2O-dominated
ice inmolecular clouds and/or in the outer part of protoplanetary disks
may play a key role in synthesizing complex organic matter before the
formation of cold planetesimals (12, 13). As an example, a recent ex-
perimental study has shown that ribose, a major constituent of RNA,
and related sugars can be synthesized by UV irradiation of an inter-
stellar amorphous ice analog composed of H2O, CH3OH, and NH3 at
78 K (14). Therefore, this process is critical to understanding the for-
mation and evolution processes of ice and organic matter and their
material properties as building blocks of outer solar system bodies
and as a source of volatiles and ingredients of life delivered to the inner
solar system. Here, we perform low-temperature photolysis experiments
on an interstellar amorphous ice analog to understand the physical and
chemical properties of interstellar ice.
RESULTS AND DISCUSSION
Mixtures of H2O, CH3OH, and NH3 gases with molecular ratios of
H2O/CH3OH/NH3 (10–2:1:1) were deposited on a gold-coated copper
substrate at 10 to 15 Kwith simultaneous UV photon irradiation in the
low-temperature photolysis apparatus PICACHU (Photochemistry in
Interstellar Cloud for Astro-Chronicle in Hokkaido University) (fig.
S1 and table S1) (15). The gas deposition and UV photon fluxes were
~3.0 × 1014 to 5.9 × 1014 molecules cm−2 s−1 and ~1.0 × 1014 to 1.2 ×
1014 photons cm−2 s−1, respectively. Gas deposition,UV irradiation, and
cooling of the substrate were stopped once the deposited amorphous ice
had reached a thickness of severalmicrometers. The ice was observed in
situ by anopticalmicroscopeduringwarm-up. In situ infrared reflectance
spectra of similar amorphous ice have been acquired using another low-
temperature photolysis apparatus [SAMRAI (setup for analysis of
molecular and radical reactions of astrochemical interest)] (16). For
comparison, experiments without UV irradiation were also performed.

The UV-irradiated ice with a smooth surface cracked at ~60 K
like a brittle solid but started bubbling at ~65 K (the transition
from solid-to-liquid–type cavitation). The bubbles were typically
several to several tens of micrometers in radius (Fig. 1, figs. S2
and S3, and movie S1). The bubbling continued up to ~150 K,
when the ice crystallized. This bubbling demonstrates that the
UV-irradiated vapor-deposited amorphous ice changed into a liquid-
like viscous material at temperatures in the range of 65 to 150 K, which
is below its crystallization temperature. The ice sublimated at ~180 K
to leave refractory organics with traces of bubbles (15). The number of
bubbles depended on the ice composition, that is, fewer bubbles were
observed for ice with higher H2O contents. The bubbling behavior was
observed only for the UV-irradiated ice not for the nonirradiated ice
that formed from the same gas composition, which left no residual
organics after sublimation.

The dominant gas species sublimated from the ice during bubbling
wasH2, and spikes corresponding toH2were observedwith quadrupole
mass spectroscopy during the bubbling phase (Fig. 2A). Infrared spec-
troscopy of the UV-irradiated ice showed a notable H2 feature in water-
rich ice (17), which was not observed for the nonirradiated ice (Fig. 2B).
The H2 absorption feature disappeared at 140 to 150 K, which is the
crystallization temperature of amorphous ice (fig. S4). These observa-
tions indicate that bubbling was caused by H2 molecules formed by the
photolysis of deposited molecules. The infrared spectrum of the UV-
irradiated ice also showed that the peaks related solely to CH3OHalmost
disappeared and that the peak of NH3 at ~1100 cm−1 was lowered
compared to the nonirradiated ice deposit (Fig. 2B), suggesting that
hydrogen dissociated fromCH3OH andNH3 (18, 19) is the dominant
source of bubbles. This is also supported by the observation that the
number of bubbles decreased with increasing H2O content in the ice.
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Similar hydrogen outbursts have been reported for proton-irradiated
H2O–NH3 ice at 120K (20), andwe also confirmed that bubbling occurs
for UV-irradiated H2O–NH3 ice at <120 K. Furthermore, we observed
no bubbling in the nonirradiated H2O–CH3OH–NH3 ice deposited
withAr orCO,which should exist in the gas phase at >80K. This suggests
that the bubbling does not occur solely due to the presence of volatile
species in the amorphous ice.

The viscosity of the liquid-like amorphous ice was estimated from
in situ microscopic observations of bubble growth (see Materials and
Methods for details and fig. S3). The estimated viscosities at ~88 and
~112 K are ~4 × 102 to 7 × 102 Pa·s, much lower than the viscosity at
the glass transition temperature (1012 Pa·s).

The observed liquid-like behavior cannot be explained by freezing
point depression in theH2O–CH3OH–NH3 ternary system (21). To con-
firmwhether or not the liquid-like behavior is a characteristic property
of the UV-irradiated H2O-dominated amorphous ice, we used a low-
temperature ultrahigh-vacuum transmission electronmicroscope (TEM)
for in situ morphological observations of UV-irradiated amorphous
water ice, wherewe focused on themorphological change of amorphous
ice instead of bubbling. Islands of crystalline water ice (Ic) of several
tens of nanometers in size were amorphized byUV irradiation at 10 K
for 10 to 60 min, long enough for complete amorphization (fig. S5)
(22). The shapes of the islands of amorphous water ice did not change
up to 50 K, but at >50 K,we found clearmorphological changes for the
amorphous ice irradiated longer than 30min.With increasing tempera-
ture, the heights of the islands decreased while their area increased, like
squashed liquid droplets (Fig. 3A). The squashed islands finally over-
lapped and crystallized at ~140K. Such amorphological changewas not
observed for either the water ice islands amorphized at 10 K with UV
irradiation for 10 min or the crystalline water ice islands (Fig. 3C and
fig. S6). Thus, we conclude that themorphological change in the islands
of amorphouswater ice at 50 to 140K is spreading due towetting, induced
by liquefaction (or fluidization). Because the spreading behavior was
not observed for the ice amorphized with UV irradiation for 10 min
(~1.2 × 1016 photons cm−2) but was observed in the case of irradiation
for 30 min, the critical dose is about 2 × 1016 to 3 × 1016 photons cm−2
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(a photon/molecule ratio of ~0.3). The viscosity of the UV-irradiated
amorphous water ice at 60 K was estimated to be 4 × 107 Pa·s from the
morphological change of the ice island (seeMaterials andMethods for
details) (Fig. 3B). This viscosity is higher than that of UV-irradiated
amorphous H2O–CH3OH–NH3 ice but is still five orders of magni-
tude smaller than the viscosity at the glass transition temperature.

In the context of viscosity, we conclude that the UV-irradiated in-
terstellar ice analog transformed into a liquid-like material below its
crystallization temperature. The ice began to behave like liquid at 50 to
65 K, which is consistent with the temperature range (38 to 68 K) of
the transition from high-density amorphous solid water (HD-ASW)
(1.1 g cm−3) deposited at 15K to low-densityASW(LD-ASW) (0.94 g cm−3)
(fig. S7) (23, 24). The high-to-low transition of ASW suggests that re-
arrangement of the hydrogen bond network occurs in the amorphous
structure at 38 to 68K.We speculate that the hydrogen bond rearrangement
is enhanced byUVphotolysis, possibly through breaking the hydrogen
bond network and creating defects and/or radicals, which lowers the
viscosity due to an increase in nonbridging atoms andmolecules. Thus,
we note that this liquid-like behavior should be regarded as a transient
state during bond rearrangement.

The low-temperature liquid-like UV-irradiated interstellar ice
could be an effective reaction medium for organic synthesis in low-
temperature UV-illuminated environments in space, given the high
mobility of molecules and radicals in low-viscosity media. Prebiotic or
related molecules that formed in similar photochemical experiments
(25–27) may have been synthesized through reactions in liquid-like
media. The effective formation of ribose in organic residues synthesized
fromUV-irradiated ice at 78 K (14) might also be related to the appear-
ance of a liquid-like medium, because the ice composition is the same as
in the present study.

TheUV flux in our experiments was 1013 to 1014 photons cm−2 s−1,
which is much higher than the flux within dense molecular clouds
(~103 to 104 photons cm−2 s−1), higher than the present interstellar
UV flux (~108 photons cm−2 s−1) and the flux in the uppermost layer of
protoplanetary disks irradiated by a central star (~1011 photons cm−2 s−1),
and comparable to the flux at the uppermost layer of protoplanetary disks
Fig. 1. Bubbles observed by an optical microscope (Nikon CM-10L) at 128 to 129 K in UV-irradiated amorphous H2O–CH3OH–NH3 ice (H2O/CH3OH/NH3, 5:1:1).
The elapsed time from the first frame (0 s) (upper left) is shown in each figure, and newly exploded bubbles are indicated by arrows. Bubble growth occurred within a few
to several seconds. Scale bars, 200 mm.
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irradiated by external stars in a star cluster (~1011 to 1015 photons cm−2 s−1)
(28). TheUV-irradiatedwater-rich ice behaved like a liquid in the case
of an irradiation dose higher than 2 × 1016 to 3 × 1016 photons cm−2. If
the photon dose is crucial for the liquid-like behavior, then UV ir-
radiation over 105 to 106 years is required inside dense molecular
clouds, whereas a short irradiation (less than a day) is enough at the
surface of protoplanetary disks in a star cluster. The photon flux may
also be a key factor in the liquid-like behavior because the appearance
of the transient low-viscosity state may depend on the lifetime of the
radicals in the amorphous ice. If this is the case, then the liquid-like ice
would not appear in dense molecular clouds but at the photoillumi-
nated cold outer part of protoplanetary disks in a star cluster. In either
case, at the outer part of protoplanetary disks, illumination from sibling
stars can promote the synthesis of prebiotic molecules in low-viscosity
reactionmedia if the temperature of the ice during the UV irradiation is
low enough for the accumulation of defects and/or radicals.
Tachibana et al., Sci. Adv. 2017;3 : eaao2538 29 September 2017
The liquid-like ice appears as a transient state during the relaxation of
photoirradiated ice at certain temperatures. Nevertheless, the liquid-like
ice may also play an important role in the accretion of ice-coated dust in
protoplanetary disks because it can dissipate the energy of dust collisions
more effectively, via viscous dissipation, compared to brittle solid ice. Al-
though a further discussion of the dust collision rate and the time span of
the liquid-like transient state under interstellar conditions is desirable, the
effective accretion of ice-coated dust in outer protoplanetary disks might
result in the rapid formation of planets, as suggested for a protoplanetary
disk arounda very youngTTauri star,HLTau, in a giantmolecular cloud
by the Atacama Large Millimeter/submillimeter Array (ALMA) (29).
MATERIALS AND METHODS
In situ observation of bubbling
The UV-irradiated H2O–CH3OH–NH3 amorphous ice was produced
with the PICACHU apparatus following the protocol reported in the
study by Piani et al. (15), but the position of the glass window of the
vacuum chamber was lowered for in situ microscopic observation of
the ice during warm-up (fig. S1). The experimental conditions are
summarized in table S1. The PICACHU apparatus can deposit mixed
gas onto three faces of a cuboid substrate holder through capillary
plates, and the gold-coated copper substrate attached to one of the
faces of the substrate holder was observed using an optical microscope
(Nikon CM-10L) with a magnification of ×10 (fig. S1). For run 081, a
high-speed opticalmicroscope (KeyenceVW-9000)with a long-distance
zoom lens (VW-Z2) was used for detailed observation of bubbles. In
runs 037 and 052 without UV irradiation, we mixed Ar or CO with
the H2O–CH3OH–NH3 gas (H2O/CH3OH/NH3/Ar, 5:1:1:1; H2O/
CH3OH/NH3/CO, 4:0:2:1) (table S1).

An order-of-magnitude estimate of the viscosity was made from
the expansion of bubbles (fig. S2). The time-dependent bubble expan-
sion was given by

4 h
R
:

R
¼ Pin � Pice � 2g

R
ð1Þ

where h is the viscosity, R is the bubble radius, Pin is the gas pressure
inside a bubble,Pice is the pressure of ice surrounding the bubble, and g
is the surface tension (30). We simply assumed that Pin is constant
during the early growth phase of the bubble because the diffusion of
H2molecules inwater ice is quite rapid (10−4 cm2 s−1 at 60K) (31). The
expansion of the bubble was then expressed by

R ¼ 2g
Pin � Pice

exp
Pin � Pice

4h
t

� �
2g

Pin � Pice
R0 � 1

� �
þ 1

� �

ð2Þ

whereR0 is the radius of the initial nucleus.We can obtain 2g/(Pin−Pice)
and (Pin− Pice)/4h by fitting the bubble growth (fig. S3), and therefore,
2h/g. With g of 0.07 N m−1 (32), the viscosity of the UV-irradiated
H2O–CH3OH–NH3 amorphous ice was estimated to be ~4 × 102 to
7 × 102 Pa·s at 88 and 112 K.

Infrared reflectance spectroscopy
The infrared spectrum of the UV-irradiated ice analog (Fig. 2B) was
obtainedwith a reflection-absorption–type Fourier transform infrared
Fig. 2. Sublimated gases from UV-irradiated interstellar ice analog and its
infrared absorption feature. (A) Quadrupole mass spectrometer signals of gas
species sublimated from the UV-irradiated amorphous H2O–CH3OH–NH3 ice during
warm-up. The ion intensities are saturated at 1 × 10−10 A for mass/charge ratios (m/z) =
2, 17, and 18. H2 signal spikes (m/z = 2) were observed at ~60 to 140 K. (B) Infrared
spectra of the UV-irradiated (red curve) and non–UV-irradiated (black curve) H2O–
CH3OH–NH3 ices at 10 K. The inset shows enlarged spectra of the same samples at
4000 to 4300 cm−1, where the H2 peak in water-rich ice appeared for the UV-
irradiated ice.
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spectrometer with a resolution of 4 cm−1 equipped with the SAMRAI
apparatus, following the protocol reported in the study by Oba et al.
(16). A H2O–CH3OH–NH3 gas mixture (5:1:1) was deposited on an
aluminum substrate at 10 K through a capillary plate at a total gas flow
of ~1013 molecules cm−2 s−1. The samples were exposed to UV
photons throughout the deposition period of 18.5 hours. The UV
photon flux was ~7 × 1013 photons cm−2 s−1. After simultaneous
gas deposition and photon irradiation, the substrate was warmed
to room temperature at a rate of 1 K min−1. For comparison, the
non–UV-irradiated ice was produced by the deposition of the same
gas mixture at the same deposition rate for 16.5 hours. The experi-
mental conditions with SAMRAI are also listed in table S1. The pres-
ence of H2 was confirmed only in the UV-irradiated sample (Fig.
2B). The column density of H2 was calculated using the band
strength of the peak at 4145 cm−1, 9 × 10−20 cm molecule−1 (17).
The column density of H2 decreased with increasing substrate tem-
perature (fig. S4), and the decrease of the column density was
enhanced at >60 K probably due to the transition of the ice to a liquid-
like material.
Tachibana et al., Sci. Adv. 2017;3 : eaao2538 29 September 2017
Transmission electron microscope
For the in situ deposition and observation of the UV-irradiated amor-
phous water ice, we developed a 200-kV ultrahigh-vacuum TEM
(JEOL JEM-2100VL) following the study by Kondo et al. (33). A col-
umn of the TEM was evacuated with five ion pumps, two Ti sublima-
tion pumps, and two turbomolecular pumps. The pressure of the
specimen chamber was 1 × 10−6 Pa, as measured with an ionization
gauge. The pressure near the specimen was expected to be lower than
1 × 10−6 Pa because the specimen is surrounded by a liquid nitrogen
shroud. A 5-nm-thick amorphous Si film with a single-crystalline Si
grid (SiMPore Inc.) was used as a substrate for sample deposition,
which was cooled using a liquid He cooling holder (Gatan ULTST).
Two of the three ports directed at the specimen surface with an incident
angle of 55°were used for aTi gas inlet tube (inner diameter, 0.4mm) and
UV irradiation. UV rays from a 30-W D2 lamp with a MgF2 window
(Hamamatsu L7293) were collimated using a mirror-finished pure Al
collimator with an estimated flux of (2 ± 1) × 1013 photons cm−2 s−1.

Because a uniform film of amorphous water ice was not adequate
for the observation of morphological changes in the ice, we made the
Fig. 3. In situ TEM observation of UV-irradiated amorphous water ice and ice Ic. (A) TEM images of amorphous water ice islands, irradiated by UV at 10 K for 50 min, at
different temperatures during warm-up (see Materials and Methods and fig. S5 for details about the synthesis of amorphous ice islands). Image contrast shows differences in
thickness, and the darker parts represent thicker ice (that is, islands of amorphous ice). The contrast became blurred with increased temperature. Note that the images at
different temperatures were taken in different regions of the samples. (B) Wetting process of amorphous water ice (UV irradiation for 50 min at 10 K) at 60 K. The same sample
area was observed for over 60 min, and the contrast became blurred with time. (C) Ice Ic observed at 60 K for 60 min without UV irradiation. Islands of ice Ic were made from
an ASW film deposited at 6 K by heating at 145 K for 10 min (see Materials and Methods and fig. S5). Observations were made at the same position in the sample. Scale bars,
500 nm (A to C). (D) Schematic of the wetting process.
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islands of amorphous ice as follows (fig. S5). A uniform film of amor-
phous water ice was first deposited with a deposition rate of 5 nmmin−1

at 6 to 8 K. The thickness of the ice deposit was 25 ± 5 nm [(8.4 ± 1.7) ×
1016 H2O cm−2]. The filmwas warmed up to 145 K to form the islands
of crystalline water ice (ice Ic) (34). The islands of ice Ic were then
cooled to 10 K and irradiated with UV rays for 30min. Ice Ic was amor-
phized within 1min (22), and with further UV irradiation, the height of
the islands decreased, and their area increased (fig. S5). After UV ir-
radiation, the sample was heated at a manually controlled rate of ~5 K
min−1 to observe the morphological change of the islands (Fig. 3A). To
avoid electron beam damage to the sample, low-magnification images
(×50,000) were recorded using a charge-coupled device (CCD) camera
(Gatan ES500W)with an accelerating voltage of 80 kV, which resulted
in an electron beam density of ~6 × 10−3 electrons Å−2 at the sample
location. Furthermore, observations at different temperatures were
made at different sites on the sample. For continuous observation of
themorphological change in the islands at 60K (Fig. 3B), the islands of
amorphous water ice were warmed up to 60 K over ~30 min, and a
low–electron dose imaging technique was applied to obtain images.
The camera length of TEM was calibrated using the edge of a Si grid.
Along with in situ observation, we measured the d space of the main
halo of the amorphous ice in the electron diffraction patterns to obtain
structural information on the amorphous water ice. For comparison,
the same observations were also made on the islands of ice Ic.

We observedmorphological changes in UV-irradiated amorphous
water ice islands (Fig. 3B) but not in crystalline water ice islands (Fig.
3C), as suggested by the frequency distribution of the relative number
of transmitted electrons deduced from the intensity at each pixel of the
CCD camera (fig. S6). Because the number of transmitted electrons
increases with decreasing sample thickness, the peak shift to higher
transmittance seen in the UV-irradiated amorphous water ice islands
(fig. S6) qualitatively corresponded to the lowering of the island height
with time. We also saw sharpening of the peak, indicating that the
island height becomes more uniform with time. Because we did not
see any significant change in the frequency distribution for the non-
irradiated crystalline water ice islands (fig. S6), we can conclude that
the electron beam does not affect the in situ TEM observations. These
series of observations led us to conclude that the spreading of the UV-
irradiated amorphous water ice due to wetting occurs at 60 K.

The order-of-magnitude estimate of the viscosity of UV-irradiated
amorphous water ice was made from the morphological change of the
islands at 60 K (Fig. 3B). The viscosity h was calculated as follows (35)

h ∼ q3g=v ð3Þ

where q is the contact angle, g is the surface tension, and v is the
spreading velocity. The contact angle q of ~0.38 was obtained from
the height and radius of islands. The height of the islandwas estimated
from the sublimation time scale of the ice at 160 K.With q =~0.38 and
v = ~0.1 nm s−1 from in situ observations and g = 0.07 Nm−1 (32), we
obtained h = ~4 × 107 Pa·s. This viscosity was four to five orders of
magnitude smaller than that at the glass transition temperature
(1012 Pa·s), indicating that the UV-irradiated amorphous water ice
behaves like a viscous liquid.

The temperature dependence of the d space of the halo of UV-
irradiated amorphous water ice is shown in fig. S7. The d spaces of
UV-irradiated amorphous water ices were slightly smaller than those
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of HD-ASW at <40 K. The d space increased with temperature and
approached that of LD-ASW at ~140 K. In the temperature range
where the liquid-like behavior was observed, the d space of UV-
irradiated amorphous water ice was smaller than that of LD-ASW,
suggesting that the UV-irradiated amorphous water ice has a denser
structure than HD-ASW or LD-ASW (fig. S7).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/9/eaao2538/DC1
fig. S1. Setup of the PICACHU apparatus for in situ observations of bubbles.
fig. S2. Successive images of bubble growth (within the area indicated by a dotted circle) at
88 K (run 081) observed by a high-speed optical microscope (Keyence VW-9000) with a long-
distance zoom lens (VW-Z2).
fig. S3. Growth of bubbles at 88 K (run 081) and 112 K (run 056).
fig. S4. Change in column density of H2 molecules in the UV-irradiated H2O–CH3OH–NH3 ice as
substrate temperature increases at a rate of 1 K min−1.
fig. S5. Formation procedure of amorphous ice islands by UV irradiation of ice Ic with low-
magnification TEM images and electron diffraction patterns of the ice.
fig. S6. Temporal change in the frequency distributions of the relative number of transmitted
electrons in TEM images during 60 min of observation of UV-irradiated amorphous water-rich
ice (left) and nonirradiated crystalline water-rich ice (right) at 60 K.
fig. S7. Temperature dependence of the d space of the main halo of electron diffraction
patterns of UV-irradiated amorphous water ice.
table S1. Experimental conditions and summary of bubbling occurrence (y, yes; n, no).
movie S1. Bubbling of the UV-irradiated amorphous H2O–CH3OH–NH3 ice (H2O/CH3OH/NH3,
5:1:1) at 128 to 129 K.
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