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ABSTRACT: Despite the importance of low-density amorphous ice (LDA) in critical
cosmological processes and its prominence as one of the polyamorphs of water there is still
an incomplete picture of the processes that take place upon thermal annealing. Using
Raman and Fourier transform infrared (FT-IR) spectroscopy, we show that a gradual
structural relaxation process takes place upon heating vapor-deposited LDA, also called
amorphous solid water, and LDAs obtained from several different states of high-density
amorphous ice. The relaxation leads to an increase in structural order on local and more
extended length scales as the average O−O distance shortens and the O−O distance
distribution narrows. The relaxation process is separate from crystallization, and it does not
seem to reach completion before crystallization sets in. Our findings are difficult to
reconcile with the postulated glass transition of LDA to the supercooled and highly viscous
liquid prior to crystallization.

SECTION: Glasses, Colloids, Polymers, and Soft Matter

Low-density amorphous ice (LDA) is one of the
polyamorphs of ice1−3 and, as the most prevailing form

of ice in the Universe, is involved in a wide range of
cosmological processes.4 LDA can be prepared by vapor
deposition (amorphous solid water, ASW),5−7 hyper-quenching
of small water droplets (hyper-quenched glassy water,
HGW),8−10 or by decompression or heating of high-density
amorphous ice (HDA).1,2 It has been argued that LDA
obtained from HDA is structurally different from ASW and
HGW,11−14 which were found to have similar structures.11,15

While LDA from HDA has been considered to be fully relaxed
at 120 K,16 a range of structurally different LDAs have been
observed immediately after the transformation from HDA.17

Using neutron diffraction with isotopic substitution, it has been
shown that LDA from HDA, ASW, and HGW have identical
structures.18 Later, however, two states of LDA, LDA-I and
LDA-II, with subtle structural differences were identified.19

LDA-I is obtained by ambient-pressure heating of uHDA, the
unannealed state of HDA made via pressure-induced
amorphization of ice I at 77 K.1,20 The preparation of LDA-II
involves converting uHDA to very high-density amorphous ice
(vHDA) in a first step by heating at pressures greater than 0.8
GPa21,22 and isothermal decompression at 140 K, which
proceeds via the expanded high-density amorphous ice
(eHDA) state.20,23 The same LDA-II state can be obtained
by heating eHDA at ambient pressure.24

On the basis of a reversible heat-capacity increase, it has been
postulated that the glass transition of LDA to the supercooled
liquid takes place prior to crystallization at 136 K upon heating
at 30 K min−1 and at 124 K at 0.17 K min−1.15,25−27 Several
studies have been presented in support of this scenario.24,28−32

However, it has also been argued that the true glass transition

of water should be at considerably higher temperatures.33−35

To complicate matters further, there are also studies pointing
toward a more ‘crystal-like’ nature of LDA.13,36−42 In summary,
there is currently no generally accepted view of the structural
nature of LDA and of the processes that occur upon heating. In
particular, questions related to if, how, and why the properties
of LDA depend on the way in which it is prepared need to be
answered.
Here we use Raman and Fourier transform infrared (FT-IR)

spectroscopy to search for structural relaxation processes upon
heating as-made ASW and LDAs obtained from uHDA, eHDA
and vHDA. The results for these four kinds of LDA are
compared, and we discuss whether our findings can be
reconciled with the postulated glass transition prior to
crystallization.15,25

The Raman spectrum of as-made ASW in the region of the
ν(OH) stretching modes is shown as spectrum (1) in Figure
1a. In order to investigate the effects of thermal annealing on
the structure of ASW Raman spectra were recorded at 80 K
after samples were heated to successively higher temperatures.
This temperature profile enabled the irreversible spectral
changes, which take place during the annealing steps, to be
separated from the spectral effects of thermal expansion.
Annealing processes are clearly evident in these spectra as a

peak shift of the most intense feature from 3116 cm−1 for as-
made ASW to 3098 cm−1 after annealing at 145 K (cf. Figure
2a). Upon annealing at 155 K, the sample crystallized and the
Raman spectrum of ice I was obtained.43 In addition to these
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peak shifts, changes in shape of the spectral features were
observed upon annealing, which are shown more clearly in the
difference spectra of Figure 1b. The changes can be
summarized as a sharpening of the main feature, which is
more pronounced on the high-frequency side, and a decrease in
the relative intensities of the shoulders at ∼3265 and ∼3380
cm−1.
In a next step, the peak areas of the entire ν(OH) feature,

Aν(OH), were determined. This quantity captures the sharpening
of the main feature as well as the relative intensity decreases of

the shoulders, and is therefore highly sensitive toward the
structural changes upon annealing. Figure 2b shows a plot of
Aν(OH) as a function of the annealing temperature. It can be
seen that the annealing leads to gradual spectroscopic changes
which increase in magnitude toward higher annealing temper-
atures.
The stretching modes in ice are strongly affected by

intermolecular coupling processes.43 In general, the most
intense feature in the ν(OH) region of the Raman spectrum
of crystalline and amorphous ice is assigned to the
intermolecularly coupled symmetric stretching of all water
molecules vibrating in phase.43,44 Much of our understanding of
the Raman spectroscopic properties of ice has come from
analyzing the Raman spectrum of the high-symmetry ice VIII,
which is the only known case where mixing of the symmetric
and antisymmetric stretching modes of neighboring water
molecules is not permitted due to their different symmetry
species.43−45 For the lower-symmetry ice XV,46 all Raman-
active modes have A1g character, which allows mixing of
symmetric and antisymmetric stretching modes.44 In analogy to
this, amorphous ice, displaying no long-range order or
symmetry, is also expected to permit mixing of symmetric
and antisymmetric stretching of neighboring water molecules.
The high-frequency shoulders of the ν(OH) band are therefore
thought to originate from such mixed and coupled stretching
modes. Additional contributions from Fermi resonances or
coupling with bending or phonon modes may also be
important.47−49

Due to the coupled nature of the ν(OH) modes, changes in
this spectral region reflect structural changes of the hydrogen-
bonded network on a length scale longer than the local first-
neighbor environment. Whalley has stated that at least 25
molecules take part in the coupled symmetric ν(OH) stretching
of ice Ih.43 For liquid water, the coupling of the stretching
modes is thought to extend over 10 or more molecules,50 and it
can be assumed that the situation is similar for amorphous ice.
Thus, the sharpening of the symmetric ν(OH) stretching

mode upon annealing implies that as-made ASW is structurally
less ordered, over length scales comparable to the coupling,
than the states immediately prior to crystallization (i.e., the
molecules are in structurally more diverse environments in the
as-made ASW).
The coupling of the stretching modes in H2O ice can be

‘switched off’ by introducing deuterium as an isotopic impurity.
Due to the substantial frequency mismatch between O−H and
O−D oscillators, and the low concentrations of the O−D
oscillators, decoupled μ(O−D) modes can be observed.51 To
obtain high signal-to-noise (S/N) ratio spectra of the μ(O−D),
we have recorded FT-IR spectra of 91.0 mol % H2O + 9.0 mol
% HDO ASW films (cf. Figure 3a). The spectroscopic selection
rules of the μ(O−D) modes are the same for IR and Raman,
and it has been shown that the spectroscopic information
obtained from IR or Raman is identical.51

Due to the localized nature of the decoupled μ(O−D)
modes, spectral changes reflect structural changes in the first-
neighbor environment (i.e., changes in local O−O distances
and O−O−O angles). A decrease in peak position and
sharpening of the μ(O−D) peak is observed upon annealing
ASW as shown in Figure 3b. The feature in the spectrum
recorded after annealing at 140 K is comprised of two
components due to ASW and some additional ice I. Peak-fitting
with two pseudo-Voigt functions revealed that the trend of
decreasing peak positions and half-widths continues to this

Figure 1. (a) Raman spectra of the coupled ν(OH) region of annealed
ASW normalized to the maximum intensity of the most intense
feature. (b) Differences between spectra 1−6 and spectrum 7 in panel
(a).

Figure 2. ν(O−H) peak positions (a) and integrated ν(O−H) peak
areas (b) of various LDA samples as a function of the annealing
temperature. The size of the symbols in (b) reflects the margins of
error.
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annealing temperature. Annealing at 150 K finally leads to a
completely crystallized sample.
Several correlations between the μ(O−D) frequency and the

hydrogen-bonded O−O distance have been reported (reviewed
in ref 52). Using the correlation from ref 11 the peak positions
in Figure 3b would correspond to a reduction in average O−O
distance from 2.783 Å, for as-made ASW, to 2.779 Å after
annealing at 130 K. Furthermore, the decrease in half-width of
the μ(O−D) peak implies that the O−O distance distribution
narrows upon annealing.
It is interesting to note that the changes in the μ(O−D) peak

position are an almost linear function of the annealing
temperature, whereas the changes in ν(OH) were found to
‘drop off’ as the annealing temperature was increased (cf. Figure
2). This could be interpreted as arising from the different
length scales probed in the two measurements, due to the
(de)coupling of vibrational modes (i.e., substantial increases in
local order may be required for the more extended length scale
to be affected significantly). X-ray diffraction data of ASW
annealed at 115 K has shown a sharpening of the first strong
diffraction peak compared to the as-made sample.15 We assume
that this is caused by the same structural relaxation process
identified here.
It has previously been shown that as-made ASW is a highly

microporous material and that significant sintering and loss of
porosity occurs upon annealing.15,53 It seems unlikely that
sintering processes, which manifest on very long length scales,
could cause the spectroscopic changes observed here. However,
to exclude this possibility we have also studied the effects of
thermal annealing on LDA obtained from various kinds of
HDA. Sintering processes can be excluded for these samples.
In order to transform uHDA, vHDA, and eHDA to LDA the

samples were heated while continuously recording spectra in
the ν(OH) region to observe the transition. The transition
temperatures to LDA were found at ∼110 K (uHDA), ∼118 K

(vHDA), and ∼122 K (eHDA).54,55 The obtained LDA
samples were then subjected to the same thermal cycling as
the ASW samples. As before, the spectra of the annealed LDAs
were analyzed with respect to the ν(OH) peak positions and
the Aν(OH) (cf. Figure 2).
The peak positions and the Aν(OH) values of the LDAs from

the various HDAs follow a similar trend to ASW. We note that
Suzuki et al. have reported a similar trend for the ν(OH) peak
position of LDA from uHDA.56 Also, the changes in the shape
of the ν(OH) feature with increasing annealing temperature
were found to be very similar for the LDAs from the HDAs
compared to ASW. The deviations in Aν(OH) at 125 K for LDA
from eHDA and vHDA may be significant, indicating that the
state of relaxation of these LDAs may be different from each
other immediately after the transitions from the HDAs.
However, after annealing at 130, 135, and 140 K the values
of Aν(OH) for all of the LDAs studied here were identical within
experimental error. This shows that very similar gradual
structural relaxation processes take place in the LDAs from
the HDAs and in ASW. All four amorphous samples can
therefore be considered to be structurally very similar for a
given annealing temperature and time, at least after annealing
above 130 K. Differences after annealing at 145 K are associated
with partial crystallization of the less thermally stable LDAs.
Based on the data shown in Figure 2, it is not possible to

differentiate between the LDA-I and LDA-II states, which were
found to have different structures using neutron diffraction.19

One explanation for the discrepancy could be that neutron
diffraction is more sensitive at detecting subtle structural
differences than vibrational spectroscopy. Alternatively, we
suggest that the LDA-II sample in ref 19 may have been more
relaxed, as it spent more time at 140 K during decompression
than the LDA-I sample, which was heated to 140 K and
immediately cooled back to 80 K. The time dependence of the
relaxation process is demonstrated by the changes in peak
position and half-width after annealing for 2 h at 122 K (cf.
Figure 3b).
In summary, we have shown that ASW as well as LDA from

uHDA, eHDA, and vHDA undergo gradual structural relaxation
processes upon thermal annealing. The annealing leads to very
similar increases in structural order of the hydrogen-bonded
networks. Since LDA and ice I were found to coexist during
crystallization, it seems as if the structural relaxation and
crystallization are different processes. The relaxation process
does not seem to have come to completion before
crystallization sets in, indicating that the bottom of the LDA
mega-basin may be hard to reach.
It is difficult to reconcile our findings with the postulated

glass transition of LDA to the supercooled liquid before the
onset of crystallization.15,25 By definition, after heating above a
glass transition temperature a sample is in (metastable)
equilibrium on the experimental time scale. This should bring
the structural relaxation process to completion which would
manifest in leveling off of the spectroscopic quantities shown in
Figures 2 and 3b.
Comparisons of the calorimetric data of LDA with those of

some of the crystalline phases of ice57−59 have recently led to
the proposition that the calorimetric feature of LDA prior to
crystallization may be connected to kinetic unfreezing of defect-
migration mediated reorientation dynamics.60 As changes in
reorientation dynamics do not require reconstructions of the
oxygen network, the relaxation process observed here could
take place independently of reorientation processes. It seems

Figure 3. (a) FT-IR spectra of the decoupled μ(OD) region of
annealed ASW (91.0 mol % H2O + 9.0 mol % HDO). Asterisks
indicate peaks associated with gaseous CO2 in the spectrometer
housing. (b) Peak positions and full-widths-at-half-heights of the ASW
spectra in (a), obtained by peak-fitting with pseudo-Voigt functions.
The data indicated by the open symbols were obtained after annealing
at 122 K for 2 h in a separate experiment.
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possible that LDA may in fact have two “glass transitions”: one
corresponding to the unfreezing of reorientation dynamics prior
to crystallization, and another one at higher temperatures due
to the transition to the supercooled and highly viscous liquid.

■ EXPERIMENTAL METHODS
ASW was prepared in a purpose-built vacuum chamber by
depositing water vapor onto substrates maintained at 80 K
using a leak rate of 0.4 g h−1. Compression of ice Ih at 77 K to
1.7 GPa in a pressure die produced uHDA.1 The conversion of
uHDA to either eHDA or vHDA was achieved by heating from
77 to 130 or 155 K at 0.3 or 1.4 GPa, respectively. Once the
target temperatures had been reached the samples were
quenched and recovered at ambient pressure under liquid
nitrogen.
Raman spectra of the samples were recorded using an Oxford

MicrostatN cryostat and a Renishaw Ramascope spectrometer
(632.8 nm). For annealing, the cryostat was heated at ∼5 K
min−1 from 80 K to a given annealing temperature followed by
immediate cooling back to 80 K. FT-IR spectra were recorded
from ASW films deposited onto MgF2 discs using the same
cryostat and an ATI Mattson Research Series 1 spectrometer (4
cm−1 spectral resolution). For annealing, the cryostat was
heated to a given annealing temperature, kept at this
temperature for 4 min, and cooled back to 80 K. A background
spectrum was obtained after evaporating the ice at 260 K.
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(24) Amann-Winkel, K.; Löw, F.; Handle, P. H.; Knoll, W.; Peters, J.;
Geil, B.; Fujara, F.; T., L. Limits of Metastability in Amorphous Ices:
The Neutron Scattering Debye−Waller Factor. Phys. Chem. Chem.
Phys. 2013, 14, 16386−16391.
(25) Johari, G. P.; Hallbrucker, A.; Mayer, E. The Glass−Liquid
Transition of Hyperquenched Water. Nature 1987, 330, 552−553.
(26) Hallbrucker, A.; Mayer, E.; Johari, G. P. The Heat Capacity and
Glass Transition of Hyperquenched Glassy Water. Philos. Mag. B
1989, 60, 179−187.
(27) Handa, Y. P.; Klug, D. D. Heat Capacity and Glass Transition
Behavior of Amorphous Ice. J. Phys. Chem. 1988, 92, 3323−3325.
(28) Johari, G. P. Liquid State of Low-Density Pressure-Amorphized
Ice above Its Tg. J. Phys. Chem. B 1998, 102, 4711−4714.
(29) Smith, R. S.; Kay, B. D. The Existence of Supercooled Liquid
Water at 150 K. Nature 1999, 398, 788−791.
(30) Seidl, M.; Elsaesser, M. S.; Winkel, K.; Zifferer, G.; Mayer, E.;
Loerting, T. Volumetric Study Consistent with a Glass-to-Liquid
Transition in Amorphous Ices under Pressure. Phys. Rev. B 2011, 83,
100201.
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