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ABSTRACT
Low temperature water ices (90–165 K) were produced via flash freezing during liquid aerosol injection (LAI) or vapor deposition (VD). The
infrared spectral shapes of the O–H stretch at 3 μm (3300 cm−1) and the H–O–H bend at 6 μm (1600 cm−1) indicate that the two depo-
sition methods produce different ice structures, with VD producing predominately more ordered structures than LAI at every deposition
temperature studied. These different amorphous structures behave similarly with heating but remain spectrally different until crystallization,
consistent with previous findings that hyperquenched glassy water and amorphous solid water are structurally different. This work demon-
strates the utility of studies with experimental systems capable of directly comparing ice formation methods. To determine the presence of
crystalline ice, the shape of the 3-μm feature is most useful, while the intensity of the 6-μm feature is a reliable indicator of amorphous ice and
liquid-like behavior of the ice with heating. Liquid-like phases can be produced through LAI at all temperatures studied and through VD at
the glass transition temperature of 136 K.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0261149

INTRODUCTION

Water has many unique properties that underpin its general
importance on Earth and throughout the solar system. In particu-
lar, many crystalline and amorphous phases with variable structures,
densities, and porosities can exist depending on the formation tem-
peratures and pressures.1,2 In addition to the well-ordered crystalline
ice (CI) phases, amorphous ice can be classified as low-density
amorphous (LDA), high-density amorphous (HDA), and very high-
density amorphous (VHDA) ices. Recent studies suggest one or
more forms of medium-density amorphous (MDA) ice may also
exist1,3,4 and that amorphous ices may be made of randomly ori-
ented nanocrystalline hexagonal and cubic ice.5 LDA can be formed
by vapor deposition at low temperature (<150 K) and pressure
(<1 × 10−4 Torr) conditions. Low density amorphous ice formed
through vapor deposition has also been called amorphous solid
water (ASW). Slow formation, through a “hit-and-stick” approach
of individual gas molecules freezing in place on a cooled surface,

allows control of morphology via backing pressure and deposition
angle. Ice formed at higher deposition angles, especially those of
more than 60○ from normal, tends to have increased porosity and
larger apparent surface areas than those formed with near normal
angles.6–8 The LDA, HDA, VHDA, and MDA forms can be distin-
guished experimentally from crystalline ices and from each other by
their density, infrared spectra, and thermodynamic behavior. While
the extremes of pressure and low temperatures cause these amor-
phous ices to exist primarily in laboratory settings on Earth, in the
interstellar media, vapor-deposited LDA (ASW) may be the most
common form of ice in the universe.1,9,10

The formation mechanism of amorphous ice can influence its
properties, and these differences have led to the naming of spe-
cific sub-states. Hyperquenched glassy water (HGW) is one such
sub-state with minimal intermediate range order (beyond nearest
neighboring molecules): it is formed by rapidly cooling liquid water
at constant pressure with a rate of more than 107 K s−1.1,2,11,12 This
supercooling prevents the formation of well-ordered crystalline ice,
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even in temperature and pressure conditions that favor crystalliza-
tion. Instead, a glass structure is produced, retaining many of the
characteristics of liquid water, including a lack of pores.11,13–16 Dif-
ferences in the infrared spectra of this and other LDA substates are
known.17 However, oxygen–oxygen radial distances from neutron
scattering data18,19 and XRD data for low density amorphous forms
appear very similar.5,19–22 Infrared (IR) spectral differences are typ-
ically probed by examining the shape of the O–H stretch feature
between 2.77 and 3.22 μm (3100–3600 cm−1), since this stretch is
known to be phase- and temperature-sensitive.23 While hexagonal
(Ih) and cubic (Ic) crystalline ices have nearly identical spectra in
the near infrared,4,24,25 non-crystalline ices can be spectrally distin-
guished from crystalline ice. Non-crystalline ice has a 3-μm band
dominated by a higher-energy component at 2.9 μm (3400 cm−1)
corresponding to 2 or 3 coordinate molecules with dangling bonds,
while crystalline ice has a 3-μm band dominated by a lower-energy
feature at 3.1 μm (3250 cm−1) associated with more ordered fully 4
coordinate states.26,27

The H–O–H bend at 6 μm (1660 cm−1) is also phase- and
temperature-sensitive.21,27 Although the oscillator strength is much
weaker than the 3-μm feature due to interactions with librational
modes, it is particularly useful in remote observations of rocky, air-
less bodies such as the Moon28,29 because it is specific to molecular
water, while the 3-μm band is sensitive to both water and hydroxyl
groups. The 6-μm feature is pronounced in liquid water and in flash-
frozen droplets and water clusters. In the latter cases, the bending
mode is correlated primarily to the presence of double-donor 3 coor-
dinate surface molecules and is prominent for cluster sizes above
20 nm.27

Deposition of liquid aerosols and flash freezing of water using
aerosol jets have been used primarily to probe supercooled water,
where the freezing out of the disordered structure prior to crystal-
lization allows the study of a possible thermodynamic connection
of HGW and ASW to the liquid state. Extremely rapid cooling
conditions (>107 K s−1) are not as common in space as the slow
vapor deposition processes that produce ASW in the interstellar
medium and other low-pressure environments such as the perma-
nently shadowed regions of the Moon.6,30–35 However, flash freezing
conditions may occur during cryovolcanic eruptions or refreezing
of ice following a transient heating event such as a micrometeorite
impact.36,37 Though the two main methods of ice formation under
low temperature and pressure, vapor deposition (VD) and liquid
aerosol injection (LAI) followed by flash freezing, have been stud-
ied extensively, they have not been directly compared in the same
experimental system. This paper reports a detailed comparison of
the temperature- and phase-dependent infrared signatures of ices
formed by vapor deposition and liquid aerosol injection to provide
constraints on the structures that are formed under low temperature
and pressure formation conditions.

EXPERIMENTAL APPROACH

Experiments were performed in a high vacuum (HV) chamber
(base pressure of <1 × 10−8 Torr) coupled to a Fourier Transform
Infrared (FTIR) spectrometer (Bruker Equinox 55) equipped with
an external liquid nitrogen cooled HgCdTe detector (Fig. 1). Pres-
sures were maintained by a turbomolecular pump (Pfeiffer Vacuum
TC600) backed by a scroll pump (Edwards XDS 5), and pressures

FIG. 1. Ices were formed by positioning the rotatable sample holder normal to
either the gate valve and syringe (liquid aerosol injection) or the gas dosing line
(vapor deposition). The IR beam path (red arrows) originates from the FTIR, then
passes through an IR transparent window to hit the sample holder. After reflect-
ing off the sample holder, the beam passes through another IR window before
reaching the detector. Pumps and pressure gauges are not shown.

were monitored with a hot cathode ion gauge (not shown) and a
vacuum gauge controller (Granville Phillips 307).

Within the HV system, ice was grown on a vertically mounted
rotatable copper sample holder cooled by liquid nitrogen. The
copper sample holder, which was chosen for its high thermal con-
ductivity, could be rotated to be normal to the vacuum gas dosing
line or normal to the liquid aerosol injection dosing port for con-
trolled deposition/growth. To collect IR spectra, the sample holder
was positioned at a 45○ angle relative to incoming light from the
FTIR, and reflected light was collected at a 90○ angle relative to the
incoming light. Differentially pumped IR-transparent KBr windows
were used.

The sample holder temperature was monitored by a K-type
thermocouple attached to the copper sample holder. The coldest
temperature attainable was ∼90 K. The other formation tempera-
tures (113, 135, 140, and 165 K, all ±2 K) were set by a 25 Ω 100 W
resistive heating cartridge and chosen to represent ices formed above
and below the glass transition at 136 K.11,12,15,30,38,39 All ices were
created with high-performance liquid chromatography-mass spec-
trometry (HPLC-MS) grade water. The water used for vapor depo-
sition was freeze-pump-thawed with liquid nitrogen three times to
remove residual atmospheric gases. After ice formation (see follow-
ing sections), the ices were cooled to ∼90 K. The sample holder was
then heated at a steady rate of 1 K min−1 by a LakeShore 336 Tem-
perature Controller. Reflectance Infrared Absorption Spectroscopy
(RAIRS) measurements were collected every 1 min (1 K) during
heating until sublimation at ∼185 K, and the ices are assumed to
be in thermal equilibrium during spectra collection. Each spectrum
is an average of 64 scans and has a spectral resolution of 1.9 cm−1.
The measurements used a zero-filling factor of 2, a Blackman-Harris
3-Term apodization function, and a Mertz phase correction mode.

Liquid aerosol injection

The LAI system consisted of a simple 20-gauge needle syringe
filled with 20 μl of water under room temperature and atmospheric
pressure conditions. This water was then injected through a
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septum into the HV chamber to produce a jet of micrometer-
sized aerosol droplets.40–42 The droplets then cool through adiabatic
expansion and evaporation during their movement through the vac-
uum, resulting in cooling and mass loss. The large surface area
and cold temperature of the sample holder cause rapid tempera-
ture changes and vitrification in the incident water immediately on
contact.15 This process, also called splat cooling, occurs due to the
decrease in pressure from atmosphere to vacuum and due to the cop-
per sample holder temperature extraction rate, which is estimated
to be ∼107 K s−1. Assuming an ice density of ∼0.9 g/cm43 and that
60%–90% of the volume of the injected liquid froze on the sur-
face, ice thicknesses were ∼5500–8500 ML (monolayers) or about
2–3 μm. During LAI, the maximum pressure within the HV sys-
tem was ∼0.1 Torr for the <1 s required to inject the entire solution,
after which the pressure immediately dropped to less than 1 × 10−3

Torr. When not used for LAI, the septum was separated from the
HV chamber by a gate valve (Fig. 1). This permitted shorter expo-
sures to increased pressures during injection and allowed chamber
pressures of <1 × 10−8 Torr with the gate valve closed.

In these thick ices, incident infrared light is primarily absorbed
by bulk water with minimal contributions from the water–copper
interface and the water–vacuum interface. The prominence of crys-
talline vs amorphous IR features, therefore, primarily represents the
bulk composition rather than the surface structure. Thick ices also
minimize the influence of atmospheric water vapor that leaks into
the chamber during LAI.12

Comparisons can be made between the thicker ice in this study
and thinner (hundreds of ML) bulk ice. Thicker ices will have higher
peak desorption temperatures than thin ices44,45 and higher crystal-
lization temperatures.46–48 However, while the spectral intensity in
thicker ices will be more than in thinner ices, the features them-
selves will not change, and phases can be assigned comparably to
thinner ices. Ices up to 3 μm thick have been treated as comparable
to 100 nm and 100 ML ices for Raman and IR absorbance, especially
in the astrochemistry literature.49–51

Vapor deposition

Vapor deposition was performed by dosing water through a
precision leak valve with a backing pressure of 1 × 10−5 Torr, which
translates to a dose rate of 10 ML s−1.52 The vacuum chamber and
gas line geometries (Fig. 1) prevented water molecules from hitting
the sample holder directly to avoid a preferred orientation for ice
growth. Water was dosed until the band depth measured at 3 μm
(3300 cm−1) approached that of ices formed through liquid aerosol
injection. Under these conditions, ice thickness was measured at
∼7500 ML, or about 2 μm, based on HeNe laser constructive and
destructive interference patterns (Fig. S1).53–55

HeNe laser estimates were not used for LAI because changes in
the interference patterns are sinusoidal. This sinusoidal evolution is
only visible for slow formation, and a difference in the absolute value
of an absorbance measurement before and after injection could be
consistent with a number of different ice thicknesses. This method
was used to verify ice thickness estimates from IR band depth, which
may be misleading for RAIRS measurements.56 All spectra were nor-
malized to overcome that limitation and correct for potential small
differences in sample holder angle during ice formation and RAIRS
measurement collection.

RESULTS
Phases as a function of formation method

Spectra of the 3-μm (3300 cm−1) O–H stretch (left) and 6-μm
(1600 cm−1) H–O–H bend (right) for ices formed by liquid aerosol
injection (black solid line) and vapor deposition (gray dashed line)
are shown in Fig. 2. At 165 K, vapor deposition (VD@165) produces
pure crystalline ice (CI), with a 3-μm O–H stretch band dominated
by a prominent feature at 3.1 μm (3200 cm−1) [Fig. 2(a)]. This cor-
responds to tetrahedrally coordinated water molecules. Thermody-
namically, water ice at 165 K in HV conditions should be crystalline.
However, ices formed through liquid aerosol injection (LAI@165)

FIG. 2. Differences in the 3-μm (3300 cm−1) O–H stretch (a) and 6-μm (1600 cm−1) H–O–H bend (b) for ices formed by liquid aerosol injection (black solid line) and vapor
deposition (gray dashed line) at 165 K. The vapor deposition spectrum matches published crystalline ice spectra, while the liquid aerosol injection does not. The plots
preserve the relative intensity of the features by normalizing both to the maximum absorbance of the O–H stretch.
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show a spectrum dominated by the longer wavenumber (higher
energy) component of the O–H stretch at 2.9 μm (3400 cm−1), con-
sistent with less tetrahedral coordination and, therefore, more disor-
der. Figure 2(b) shows that VD@165 has a very weak 6-μm signal, as
expected for CI due to its more constrained molecular geometry and
smaller fraction of water molecules capable of bending. Neither the
3 nor 6 μm infrared feature is sufficient for distinguishing between
hexagonal and cubic ice, so this crystalline ice could be either or a
combination of both.24 In contrast to VD, LAI@165 (i.e., rapid flash-
freezing) leads to the formation of a disordered phase exhibiting a
more intense 6-μm (1600 cm−1) feature relative to the size of the
3-μm (3300 cm−1) feature typical of undercoordinated (<4 coordi-
nate) molecules.

For a more comprehensive picture of the dependence of
phase on formation temperature, ices were formed at temperatures
between 91 and 165 K through liquid aerosol injection and vapor
deposition (Figs. 3 and 4). Specifically, Fig. 3 shows the three main
phases of ice formed: CI produced by VD at 165 K (VD@165), HGW
produced by LAI at 113 K (LAI@113), and ASW produced by LAI
at 91 K (LAI@91). These phases were assigned based on compar-
isons to published spectra, including those that note the similarities
of ASW to the overarching category of LDA.17,57–61

These well-characterized ice phase spectra are useful in unrav-
eling the phase evolution as a function of deposition temperature.

Phases as a function of formation temperature

As shown in Fig. 4, at every formation temperature, LAI ices
have a more prominent higher energy component of the O–H
stretch at 2.9 μm (3400 cm−1). For VD ices, a more prominent
lower energy component at 3.1 μm (3200 cm−1) is observed. The

FIG. 3. Collected spectra corresponding to known phases of ice (see text). Normal-
ized absorbance of the IR O–H stretch corresponding to crystalline ice (CI) (solid
gray), amorphous solid water (ASW) ice (dashed red), and hyperquenched glassy
water (HGW) (dotted blue). The CI spectrum is from vapor deposition at 165 K,
ASW from liquid aerosol injection at 91 K, and HGW from liquid aerosol injection
at 113 K. Each spectrum is normalized at its maximum absorbance. The approxi-
mate energies corresponding to undercoordinated (3400 cm−1) and tetrahedrally
coordinated (3250 cm−1) molecules are labeled (see text).

entire O–H stretch feature is also broader at every temperature for
LAI vs VD ices. The VD ice trends are consistent with previous
studies,7,17,27,35,38,62–67 though the shape of the O–H stretch region in
this study is broader than the IR features for ices formed by molecu-
lar beams due to molecular beams’ precise control of the deposition
angle and area.6,8,17 In addition, the H–O–H bend feature at 6 μm
(1600 cm−1) is a factor of 2–3 larger for all ices formed by LAI com-
pared to those formed at the same temperature through VD. The
low-energy tail of the O–H bend seen at 7.1 μm (1400 cm−1) for LAI
can be attributed to IR-active hydrated protons formed during elec-
trokinetic charging during LAI through a metal orifice.68,69 No such
charging occurs during VD.

DISCUSSION
Phase evolution with temperature and heating

Differences in the O–H and H–O–H band depths and positions
with deposition temperature (Fig. 4) could be attributed to uncer-
tainties in the amount of ice grown and, therefore, in ice thickness.
However, care was taken to minimize these differences, and the con-
sistent nature of a larger band depth at 6 μm (1600 cm−1) relative to
the 3-μm (3300 cm−1) band for LAI compared to VD suggests that
the differences can mainly be attributed to the degree of disorder in
the ices. All spectra were normalized at the maximum absorbance
of the 3-μm (3300 cm−1) band to further emphasize spectral dif-
ferences in band shape. Non-normalized spectra can be found in
Fig. S2.

The redshift and increasing broadness of the O–H stretch with
increasing temperature have been documented for ice clusters27,62,66

and have been correlated with the presence of dangling bond states
and double-donor three-coordinated surface molecules. Since spec-
tra in this study were collected over the entire thickness of the water
ice, they reflect both surface and subsurface structures. The arrange-
ment of water molecules changes with temperature, and the degree
of disorder is inversely correlated with formation temperature. For
example, at 91 K, injection ices resemble published spectra for LDA
with a more prominent higher-energy 2.9 μm (3400 cm−1) com-
ponent of the O–H stretch.17 This reflects the comparatively large
amount of two- and three-coordinated water molecules, which can
be found on both the surface of the ice and on pore boundaries
within the ice.27 The size of the H–O–H bend is also more similar
between the two formation methods at 91 K than at any other tem-
perature, and 91 K is the only temperature where both formation
methods produce spectra with a 2.7 μm (3700 cm−1) dangling bond
feature (see Fig. S3).

At 113 K, the two ices (LAI@113 and VD@113) have 3-μm
(3300 cm−1) bands that appear to be mirror images of each other.
Most importantly, LAI@113 matches the O–H stretch for HGW,17

whose formation typically requires cooling rates of more than
107 K s−1.1,2,11,12 Injected water undergoes adiabatic cooling toward
the supercooled state and more rapid cooling upon impact, which
leads to the formation of HGW. The cooling rate is estimated as
≥107 K s−1. LAI with smaller cooling rates would produce ASW-like
structures instead of HGW.61

At ∼136 K and at pressures <1 × 10−8 Torr, water undergoes
a glass transition.11,12,15,30,38,39 Ices formed through both methods
near this temperature (LAI@135 and VD@135) show a splitting
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FIG. 4. Sections of the infrared spectra of ices formed by liquid aerosol injection (a) and (b) and vapor deposition (c) and (d), normalized to the maximum absorbance of
the O–H stretch at 3 μm (3300 cm−1) (left column). Ices were formed at the labeled temperature (91, 113, 135, 140, and 165 K), then cooled to ∼91 K, where the shown
spectra were taken. The left column shows the normalized O–H stretch after formation and before heating. The right column is the molecular water H–O–H bend at 6 μm
(1600 cm−1) for these same ices. The plots preserve the relative intensity of the features by normalizing both features to the O–H stretch.

between the high and low energy components of the O–H stretch,
but VD@135 ice continues to have a larger contribution at lower
vibrational energies due to a greater degree of tetrahedral coordi-
nation. The 6-μm (1600 cm−1) band peak position is at slightly
lower energies and has a smaller intensity for VD than for LAI,
confirming that vapor deposition produces more crystalline ice.62

At 140 K, both methods produce spectra comparable to formation
at 165 K, but without such a strong difference in the relative O–H
stretch component intensities due to fewer tetrahedrally coordinated
molecules.

Heating experiments were conducted to examine the persis-
tence of disorder with increasing temperature for both formation
methods. After ice formation, the ices were cooled to ∼91 K, then
heated at a rate of 1 K min−1 with infrared spectra collected every
1 K. The 3-μm (3300 cm−1) feature from spectra collected during
the linear temperature ramp from 113 to 185 K is shown in Fig. 5 for
ices formed from LAI (left column) and VD (right column) at the
deposition temperatures of 91 K (a) and (b), 113 K (c) and (d), and
165 K (e) and (f).

The method-dependent differences in ice structure at every
temperature persist with heating. The onset of crystallization to

cubic ice at ∼150 K6,15,31,38,39,58,70 from ices formed at 91 and 113 K
[Figs. 5(a)–5(d)] is indicated by the redshift of ∼30 cm−1 with warm-
ing. This shift in position is not accompanied by a change in shape.
These low temperature ices do not change spectral shape or appear
completely crystalline until ∼170 K, where the spectra resemble
that of CI (Fig. 3) due to the combination of crystallization and
desorption of the amorphous component. Spectral change alone is
insufficient to determine whether crystallization or desorption is the
driver of the increasing crystallinity.

Heating-driven changes in the spectra are less visible in ices
formed at 165 K [Figs. 5(e) and 5(f)]. Vapor deposition pro-
duces ice that stays crystalline until desorption, which begins at
∼170 K. LAI@165 produces ice that changes only slightly dur-
ing heating: the splitting between the two main components at
2.9 μm (3400 cm−1) and 3.1 μm (3200 cm−1) becomes less dras-
tic as higher temperatures allow more water molecules to become
tetrahedrally coordinated. The O–H stretch does not otherwise
change in appearance until the ice becomes completely crystalline
starting at ∼180 K. Apparent differences in crystallization tempera-
tures can be attributed to ice thickness and phase-sensitive thermal
conductivity.
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FIG. 5. Evolution of the 3-μm (3300 cm−1) O–H stretch for ices formed by liquid aerosol injection (left column) and vapor deposition (right column). Ices were formed at the
inset temperature [91 K (a) and (b), 113 K (c) and (d), 165 K (e) and (F)], then cooled to ∼91 K. The spectra shown here were taken every 1 K during the heating process.
At every temperature, the ices formed by the two methods appear different. Spectra are normalized to the intensity of the O–H stretch on formation.

Phase deconvolution

To determine the relative amounts of the well-defined CI, ASW,
and HGW phases (Fig. 3), a Levenberg–Marquardt fitting procedure
was used to constrain each normalized O–H stretch to a linear com-
bination of the three phases shown in Fig. 3.71,72 In this model, the
shape and position of CI, ASW, and HGW were constrained, and
only the amplitude could vary. The fitting results for ices formed at
91, 113, 135, and 140 K are shown in Fig. 6. This model was inspired
by a fitting function that could distinguish between CI, ASW, and
HGW, and was applied to both LAI and VD ices to determine if it
could correctly assign HGW to only LAI ices.17

The χ2 value of every fit produced by this three-phase fitting
model is less than 2 × 10−3. The spectra defined as phases for

ASW (LAI@91) [Fig. 6(a)], HGW (LAI@113) [Fig. 6(c)], and CI
(VD@165) (Fig. S5) are correctly identified with a χ2 value of less
than 5× 10−4. For the other ices, the total fit (dotted–dashed red line)
accurately captures the peak position but varies in its ability to match
the feature shape. The relative intensity of the two components of
LAI@140 [Fig. 6(g)] does not match the model, as seen with the dif-
ferences in the shape between the experimental data and the total fit
and the larger χ2 value than the other LAI ices shown, demonstrat-
ing that this ice cannot be classified as a unique combination of CI,
ASW, and HGW.

Because the model is more sensitive to the peak position than
to the shape of the 3-μm band, it is better at determining the pres-
ence or absence of crystalline ice than distinguishing between ASW
and HGW. The peak position mainly reflects the relative amounts
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FIG. 6. Comparison between the normalized O–H stretch on ice formation (solid black) and three-phase model fitting for liquid aerosol injection (left column) and vapor
deposition (right column). Ices were grown at 91 K (a) and (b), 113 K (c) and (d), 135 K (e) and (f), and 140 K (g) and (h). The contribution of each phase to the overall fit is
shown scaled based on their relative amounts: crystalline ice (CI) in dashed dark gray, amorphous solid water (ASW) in dotted gray, and hyperquenched glassy water (HGW)
in dotted–dashed light gray. The overall fit (sum of CI, ASW, and HGW fits) is shown in dotted–dashed red.
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of tetrahedrally coordinated water molecules and dangling bonds,27

so ASW and HGW have similar peak positions.61 This similarity in
position resulted in the model erroneously classifying all amorphous
components of VD@113, for instance, as HGW. VD@113 should not
contain any HGW due to the differences in freezing rates involved in
vapor deposition and the formation of HGW. The three-phase fitting
model applied to spectra collected during heating (Fig. S4) can track
the increasing crystalline fraction of the ice but cannot consistently
distinguish between ASW and HGW. Two-phase models (CI and
HGW, CI and ASW, HGW and ASW) did not produce better fits for
any ice based on the χ2 values. A better model could be made with,
narrower 3-μm phase definitions based on molecular beam deposi-
tion and a more constrained hyperquenching procedure, as it would
allow the separation of HGW and ASW based on slightly different
peak maxima as well as band shape.17,61

Data from the same experiments examining the temperature
dependence of the H–O–H bend at 6 μm (1600 cm−1) are shown
in Fig. 7. At every temperature studied, the spectral shape appears
different for ices formed through different methods, and the band
depth at 6 μm (1600 cm−1) is a factor of 2–3 greater for LAI than
for VD. Due to the smaller band depth and signal-to-noise ratio,
changes in position are less prominent and changes in intensity are
harder to determine for the H–O–H bend than the O–H stretch.
In general, heating causes a slight redshift in peak position above
155 K and a drastic reduction in feature intensity by 185 K. As stated
previously, the feature has a significantly smaller oscillator strength
relative to the O–H stretch; therefore, there is a smaller signal-
to-noise ratio and a greater sensitivity to distortions induced by
background subtraction. In addition, the H–O–H bend varies more
with amplitude than with shape or position. Consequently, a model

FIG. 7. Evolution of the 6-μm (1600 cm−1) H–O–H bend for ices formed by liquid aerosol injection (left column) and vapor deposition (right column). Ices were formed at
the inset temperature [91 K (a) and (b), 113 K (c) and (d), 165 K (e) and (f)], then cooled to ∼91 K. The spectra shown here were taken at 10 K intervals during the heating
process. The plots were normalized at the O–H stretch to preserve the intensity of the H–O–H bend relative to the O–H stretch.
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for the 6-μm band similar to the described 3-μm band three-phase fit
model did not produce meaningful results. Perfectly crystalline bulk
ice would have no 6-μm band, since every water molecule would
be completely tetrahedrally coordinated. Therefore, the presence of
any 6-μm feature can be attributed to amorphous ice components
and surface water molecules that are not fully tetrahedrally coor-
dinated.27 This bending feature is therefore useful in determining
the presence of amorphous ice rather than in drawing conclusions
about the amount of crystalline ice. Qualitatively, the H–O–H bend
results support the conclusions from the O–H stretch: VD produces
more ordered structures than LAI, and more ordered structures have
a smaller 6-μm feature. LAI shows a broader feature than VD, which
is attributed to IR-active hydrated protons.68,69

The data presented are consistent with the claim that ASW
and HGW are different amorphous ice phases that vary in poros-
ity and density.4,11,17,19,30,73,74 HGW is less porous and denser, and
the more tightly packed water molecules cause it to have fewer tetra-
hedrally coordinated molecules than ASW. Previous experiments
have demonstrated that VD with a molecular beam at low temper-
atures (77 K) appears more like HGW, while the same method at
warmer temperatures (115 K) produces amorphous solid water that
appears more like the LDA spectrum used here for ASW.17 Simi-
lar behavior for the onset temperature of the cubic phase transition
is also expected for similarly disordered ices37 since differences in
porosity have no impact on the kinetics or mechanism of crystal-
lization.35 As predicted, ices in this study formed at a low temper-
ature experience a crystallization regime starting at 150 K for both

FIG. 8. Qualitative phase diagram of liquid aerosol injection and vapor deposi-
tion on formation and heating for ices formed at ∼113 K. Liquid aerosol injection
involves decreases in temperature and pressure fast enough to prevent crystal-
lization, instead creating HGW. Amorphous solid water forms directly from the
vapor phase in vapor deposition. Upon heating, both ices undergo a glass tran-
sition followed by crystallization. Open circles at 165 K represent ice formed at
165 K through both methods.

liquid aerosol injection and vapor deposition. However, until the
ices begin to crystallize, their IR spectra remain different even with
heating. A small difference in peak positions of 8 cm−1 for HGW and
ASW has been documented for ices formed through molecular beam
deposition,17,61 but the ice thicknesses and less constrained VD and
LAI processes in this study make that difference undetectable. The
difference in spectral shapes, however, is still apparent, confirming
that ASW and HGW are different phases.

Figure 8 summarizes the temperature and pressure changes that
ices experience during formation and heating. Injected water expe-
riences a large drop in temperature and pressure to form HGW, and
this supercooling process occurs fast enough that the water does
not crystallize. Water that forms ASW through vapor deposition
does not undergo pressure changes, and instead the molecules freeze
individually via a statistical “hit-and-stick” process. HGW and ASW
occupy neighboring places in the phase diagram. With heating under
constant pressure, both phases undergo a glass transition at 136 K,
then begin crystallization at 150 K. This diagram does not contain
exact numerical fractions of crystalline components but can repre-
sent the differences in structure seen in Fig. 2, represented by open
circles.

CONCLUSIONS

Ices formed through rapid freezing of a liquid aerosol have less
ordered structures than ices formed through slow freezing from a
vapor, including at temperatures warm enough to favor crystallinity.
The phase-sensitive O–H stretch at 3 μm (3300 cm−1) and H–O–H
bend at 6 μm (1600 cm−1) show these structural differences and
how they evolve with heating. The shape of the 3-μm feature is
most useful for determining the presence of crystalline ice, while the
intensity of the 6-μm feature compared to the 3-μm band is most
useful for determining the presence of amorphous ice. Compari-
son of these two spectral features represents a more comprehensive
treatment of phase-sensitive infrared spectra. The observed behav-
ior during heating of ices formed through different methods but
at the same temperature is consistent with amorphous solid water
ice, produced through vapor deposition, and hyperquenched glassy
water, produced through liquid aerosol injection, being structurally
different.

Ices grown under HV conditions are typically mixtures of
coexisting phases, and the relative amount of each phase depends
upon the deposition method and temperature. LAI produces HGW
without going through any crystallization. There is clear liquid-
like behavior at the glass transition during VD at 135 K and LAI
at 165 K, which is manifested mainly by examining the 6-μm
(1600 cm−1) band of water. This band is rather important with
respect to understanding hydrogen bond interactions and an impor-
tant complementary diagnostic of hydrogen bonding in the liquid
phase and disordered ice samples. Further research is needed to
compare these formation methods with mixtures more complicated
than pure water, especially for applications to astrophysical ices
such as those formed through cryovolcanism or other flash-freezing
processes.

SUPPLEMENTARY MATERIAL

Supplementary material figures include the change in voltage
during a HeNe laser ice thickness measurement (see Experimental
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Approach), a non-normalized version of Fig. 4, a zoomed-in version
of Fig. 4 focusing on the dangling bonds at 2.70 μm (3700 cm−1),
the evolution of the fraction of ice corresponding to CI, ASW, and
HGW (see Fig. 6 and accompanying text), and the phase fitting for
VD@165.
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