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We identify hydrogen ordering in H2O ices spectroscopically in the near-infrared (NIR) range
(10 000–4000 cm−1=1–2.5 μm) based on the example of ices V/XIII. Previously it was thought that
hydrogen ordering can only be revealed on the basis of lattice phonons, i.e., intermolecular vibrations. Here
we show differences in the overtone spectrum of the intramolecular OH-stretching vibration. This makes
NIR spectroscopy the first remote sensing method that is sensitive to different orientations of the water
dipoles within ice. As such it will allow for future observations of the hydrogen order of ices in space by the
James-Webb Space Telescope or the JUICE mission.

DOI: 10.1103/x2ph-yp2v

We here establish near-infrared spectroscopy (NIR) and
overtones of intramolecular vibrations as a method for
identification of hydrogen order using ices V/XIII as a
benchmark case. The first OH-stretching overtone is a
powerful marker for differentiating ordered and disordered
H-atom networks of ices. This represents the first marker
that is suitable for remote measurements on icy objects,
thereby allowing access to dipolar orientation and hence
mechanical and dielectric properties of ices in space, e.g.,
using the observations by the James-Webb Space Telescope
(JWST) and Jupiter Icy Moons Explorer (JUICE).
Water in the solid state displays at least 20 different

known forms of crystalline ice [1] and three different types
of amorphous ice [2]. Many of these ices occur in remote
places, such as interstellar clouds, the mantle of icy moons,
or the interior of ice giants [3]. In essence, H2O ices can be
categorized based on order and disorder in the arrangement
of oxygen atoms and hydrogen atoms. Disordered oxygen
atoms define amorphous ices, while an ordered lattice
of oxygen atoms defines crystalline ices. The crystalline
ices are subdivided into low and high permittivity ices,
where the former show order in the sublattice of hydrogen
atoms and the latter feature random orientations of water
dipoles, where the Bernal-Fowler ice rules [4] allow for
six possible orientations. The arrangement of the H atoms
in an ice has a huge impact on the electric properties,

such as ferroelectricity and antiferroelectricity [5–7], and
also on the flow properties, such as superplasticity or
diffusion creep [8,9].
The gold standard for laboratory identification of

whether or not the sublattice is ordered is neutron dif-
fraction on D2O samples [10–23]. Owing to unfavorable
cross sections for H2O ice this technique is unsuitable
for sensing of H ordering in samples of natural isotopic
abundance. Also, x-ray diffraction is barely sensitive to the
H atom positions, but mostly to the electrons surrounding
the oxygen atoms. A second important method to infer
order is calorimetry, which is also suitable for H2O ices and
used in our laboratory studies. A third method to probe
for H order is Raman lattice mode spectroscopy, which is
sensitive to the intermolecular arrangement in H2O net-
works. Raman has been extensively used to study water
ice [24–36], but mostly employed as a fingerprint method
to probe for the network of oxygen atoms. There has only
been a handful of Raman lattice mode studies, in which
order-disorder has been distinguished, most notably for
ices Ih=XI [30], ices III=IX [29], and ices V=XIII [31]. The
very broad intramolecular OH-stretching and OH-bending
vibrations are expected to be insufficient to probe
differences between ordered and disordered ices because
their structural differences, i.e., the orientations of water
molecules, manifest on the intermolecular level [35,37].
None of these above-mentioned methods is suitable for
remote sensing of H2O ices on astronomical bodies. That is,
a method enabling remote sensing of H order is still
lacking. In the present Letter we demonstrate the capability
of near-infrared spectroscopy to distinguish between H
order and disorder based on the example of ices XIII and V,
which we assume to be present on some icy moons.
For example, the Jupiter moon Ganymede is thought

to consist of a ∼800-km-thick water ice mantle, with
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concentric layers of ices I=III=V=VI [38] and a liquid
subsurface ocean in between [39,40]. While ionic or
carbonaceous impurities are practically insoluble in all
these ices at < 1 GPa, the liquid layer is thought to contain
dissolved ions (Naþ, Mg2þ, SO2−

4 , Cl−) that are remnants
of chondrites accreting during the formation of the satellite
[41]. The craters on the surface of Ganymede within bright
high-albedo regions suggest cryovolcanic and tectonic
activity [42]. Therefore, pure high-pressure ices from lower
mantle regions, e.g., ice V at a ∼500 km depth, may be
carried together with liquid and/or solid brine lavas to the
surface. At Ganymede’s surface, daytime temperatures are
ranging from ∼90 K (near the poles) to ∼160 K (near the
equator) [38,43]. That is, at locations where temperatures
are below the H-ordering temperature of 116 K [44], H
ordering is favored. That means, after the transport from
the interior to the surface, ice V will very slowly, over the
years, transform to more and more ordered ice XIII at cold
regions at the surface. While there is plenty of time for
ordering to occur on astronomical timescales, there is
usually not enough on laboratory time scales. The ordering
typically takes weeks, months, or even years at <120 K;
therefore laboratory studies need to employ an intentional
creation of defects by doping with ppm amounts of HCl as
a strategy to achieve ordering on the timescale of hours and
days. Salzmann et al. [11] first reported the ordering of
deuterated and DCl doped ice V (space group A2=a) [12]
at 0.5 GPa, resulting in ordered ice XIII (P21=a) [11].
Recently, a partly ordered intermediate between ice V and
XIII has also been reported [45]. That is to say, while ice
XIII can be made in the laboratory, direct detection in
nature has remained elusive, even though surface temper-
atures of icy Jupiter and Saturn moons are low enough
for H-ordered ices to be thermodynamically favored.
Depending on the surface temperature at a specific geo-
graphic location [38,43], ice XIII (< ∼100 K), ice V
(<∼ 130 K), or stacking disordered ice Isd (∼130–160 K)
[46] as well as ordinary ice Ih and XI [35,37] may be
present on icy moons. That is, the identity of the ice phases
observed is a probe for current and past surface temper-
atures. At the poles of Ganymede the highest daytime
temperatures do not exceed 90 K so that we assume slow
conversion of surfaced ice V to ice XIII both in the daytime
and nighttime. The insolubility of almost all substances in
ice means that we expect observations in nature that are
rather similar to our laboratory observations on pure ices.
The only substances that are soluble (up to the ppm level) in
ice are small acids and bases such as HCl and KOH that
usually accelerate the ordering transition by producing
point defects in the ice lattice [47]. As of now, however, it is
unclear whether disordered ice V or ordered ice XIII is
encountered in astrophysical environments such as on
Ganymede. This is in part because of a hiatus of infrared
spectroscopy studies on ice polymorphs after the pioneer-
ing works of Whalley and coworkers on ices I–VI in the

1960s [48–54]. Back then, no H-order or H-disorder ice
pairs were available for comparison, and after their dis-
covery infrared spectroscopy of ices was neglected. In
recent years, however, there has been a renaissance of
infrared spectroscopy for exploring the physics of water
ices. This is due to the development of new experimental
techniques such as multidimensional coherent IR spectros-
copy for probing dynamics [55–61] in combination with
advanced computational methods for the interpretation
of the vibrational signatures [61–68]. For remote sensing,
the launches of the JWST that is equipped with the Near
Infrared Spectrograph (NIRSpec) operating in the range
0.6–5 μm and the Jupiter Icy Moons Explorer with the
MAJIS instrument (0.4–5.7 μm [69]) have pushed the field
and triggered our efforts to provide high-quality laboratory
reference spectra of ices in the mid-and near-infrared range.
In our previous work, we presented the NIR spectra

(10 000–4000 cm−1=1–2.5 μm) of (H2O) high-pressure
ices II, IV, V, VI, IX, and XII [70]. All of these ices differ
in terms of the arrangement of oxygen atoms in the lattice
as well as their density. We observed that especially the first
overtone band of the OH-stretching vibration (2νOH) with
its shoulder (∼6050 cm−1=1.65 μm in the case of ice Ih) is
a strong marker for ice polymorphs, showing a blueshift
with increasing density [70]. Even though there are ordered
and disordered ices among the ones studied earlier by
us [70], we have not provided evidence for the possibility
of identifying H-order using NIR spectroscopy. Here we
present a direct comparison of spectra for the H-disorder
and H-order pair (H2O) ice V/ice XIII and show that H
order can be identified in the NIR spectrum of ice XIII. This
finding establishes that the vibrational overtone spectrum
does not only indicate structural differences between ice
phases with distinct oxygen networks and density, but is
even sensitive to different orientations of the water mol-
ecules. In addition to the relevance for remote sensing
our Letter also bears fundamental implications for our
understanding of e.g., anharmonicity of OH vibrations in
hydrogen-ordered ices.
Three separate batches of ice XIII were prepared in a

custom-made high-pressure piston-cylinder setup [71]
following the p-T protocol described in Ref. [11]. More
specifically, for one batch, 600 μl of 0.01 M HCl in an
indium container were compressed to 0.5 GPa at 77 K and
subsequently heated to 250 K, yielding the expected
polymorphic transition sequence ice Ih → III=IX → II →
ice V [44]. The sample was then cooled, below 140 K at a
cooling rate of 0.7–0.9Kmin−1, allowing for the hydrogen-
ordering transition to ice XIII to occur. At 77 K, the
samples were decompressed to ambient pressure and
recovered. Batches of ice V were produced in a similar
way, but using pure H2O instead of 0.01 M HCl and by
applying fast cooling rates by quenching with liquid
nitrogen [70]. Omitting the dopant HCl slows down the
ordering dynamics by orders of magnitude so that no
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ice XIII forms upon cooling, especially upon rapid
cooling [47]. For the NIR characterization we applied
the diffuse scattering method established previously [70]

[Figs. 1(a) and 1(b)]. The ice polymorph was confirmed
by powder x-ray diffraction (PXRD) [Fig. 1(c)], and the
degree of H order in ice XIII was assessed using differential
scanning calorimetry (DSC) [Fig. 1(d)].
In Figs. 1(a) and 1(b) the two strongest features in the

near-infrared spectrum of ices V (green, from Ref. [70])
and XIII (blue) are highlighted: (a) the first overtone band
of the OH-stretching vibration (2νOH) around ∼6740 cm−1
and (b) the combinational band of the OH-stretching with
the bending mode or first overtone of the libration mode
(νOH þ ν2=νOH þ 2νR) around ∼5000 cm−1 (for simplicity,
“5000-band”). The combination of both PXRD and DSC
[Figs. 1(c) and 1(d)] is necessary for an unambigous
differentiation. While PXRD probes the oxygen lattices
(which are very similar in the case of order-disorder pairs),
DSC probes changes in heat capacity and release and
uptake of heat upon heating, disclosing the presence or
absence of H order. In the powder x-ray diffractogram
[Fig. 1(c)] of ice XIII, H order is indicated by the presence
of a weak Bragg peak ∼32.2° (marked by a red asterisk)
which is absent in ice V [11,47], in agreement with the
literature [11,12] (gray). Differences in peak intensities
solely result from texture effects, i.e., preferred orientations
within the powdered grains, typical for PXRD in θ − θ
geometry [47].
The degree of H order was measured by DSC scans at a

heating rate of 10 Kmin−1 [Fig. 1(d)]. Ice XIII shows an
endothermic peak with onset temperature Tonset of 113 K,
slightly higher than the one observed in Ref. [44] (110 K,
heating at 5 Kmin−1). The area of the H-disordering
endotherm (marked by dashed lines) divided by Tonset
results in the entropy gain accompanied by the disordering
transition [given as % Pauling entropy (PE)]. We here
consider samples of ∼50% PE (where the maximum was
reported to be 66% [44]). The degree of H order as well as
Tonset critically depend on the sample preparation and
thermal history. This includes the cooling rate of HCl
doped ice Vat 0.5 GPa, the storage time in a liquid nitrogen
dewar [73], and the heating rate during calorimetry at
ambient pressure. The DSC scan of ice V [Fig. 1(d)]
expectedly shows no H-disordering endotherm. At 134 K,
we observe the orientational glass transition To-g (Δcp ∼
1 Jmol−1K−1), followed by the ice V → ice Isd transition
(∼142 K). The slight differences compared to the values in
the literature (To-g: 130� 1 [73], ∼132 K [44]; Δcp: 1.7�
0.2 [73], 3.7 Jmol−1K−1 [44]) result from different prepa-
ration conditions (i.e., ice V prepared by quenching at
0.64 GPa [73] and slow cooling at 0.5 GPa [44] versus
quenching at 0.5 GPa) and different calorimetric protocols
(i.e., heating rate 30 [73] and 5 [44] versus 10 Kmin−1 as
presented here).
The key findings in the present Letter are the spectra in

Figs. 1(a) and 1(b), where the most obvious spectral
difference between ice XIII and ice V is the low-wave
number shoulder of the 2νOH band. While this feature is a

FIG. 1. Near-infrared spectrum of ice XIII (blue) in comparison
with ice V (green, [70]) in the range of (a) the 2νOH and (b) the
5000 band. We used a Büchi NIR Flex N-500 benchtop
spectrometer in diffuse reflectance mode for collecting spectra
of powdered samples at ∼80 K and ambient pressure in the range
of 10 000–4000 cm−1 (1–2.5 μm). Nineteen (cumulative) high-
quality reflectance spectra were collected and converted to the
Kubelka-Munk (K-M) spectra [70]. Baseline correction was
executed by subtraction of a basis spline function (constructed
from eight anchor points) from the raw spectra (provided in the
Supplemental Material [72]). The corrected spectra were then
normalized with respect to the 2νOH maximum, summed up,
and are shown in (a),(b) and in Fig. S1 of the Supplemental
Material [72], scaled to the maximum of the chosen band (100%
K-M). (c) Powder x-ray diffractograms of ice V and ice XIII
collected in θ − θ geometry at ∼80 K and 1 mbar (Cu-Kα;
Siemens D5000), with the respective literature diffractograms
below [11,12]. (d) DSC heating scans of a sample of ice XIII,
showing the endothermic H order-to-disorder transition (onset
temperature 113 K) and of a sample of H-disordered ice V,
showing no such transition, but only the orientational glass
transition at higher temperature (To−g ¼ 134 K). The degree of H
order is indicated as a percentage of Pauling entropy (PE), i.e.,
3.37 Jmol−1 K−1 [44]. Each batch of ice XIII was characterized
by heating samples of ∼10–20 mg in aluminum crucibles from
∼93 K to ∼130 K at 10 Kmin−1 using a DSC8000 by Perkin
Elmer. For baseline correction, a heating scan of the sample—
after in situ transformation to ice Ih—was subtracted from the raw
scan. The thermograms are normalized by the melting enthalpy of
ice Ih (6012 Jmol−1 at 273 K). Temperatures are within an
uncertainty of �1 K.

PHYSICAL REVIEW LETTERS 135, 018002 (2025)

018002-3



broad shoulder for ice V at 6281 cm−1, there is a clear
splitting of this feature in ice XIII, showing subpeaks at
6362 and 6228 cm−1, respectively (Table I). This is the
spectroscopic signature of hydrogen order in ice XIII. To
the best of our knowledge, the mid-infrared spectrum of
H2O ice XIII containing the fundamental OH-stretching
band has not been reported yet. However, Tran et al.
measured the OD-stretching band at 2300–2600 cm−1 for
D2O ices Vand XIII (Fig. 3C in Ref. [56]). On a qualitative
level, the line shape of the 2νOH shoulder in Fig. 1(a)
resembles the νOD feature shown by Tran et al. [56]. That is,
their spectrum of D2O ice V shows a broad plateaulike band
with three shallow subpeaks. This is in agreement with our
previous finding of three subpeaks within the broad 2νOH
shoulder [70]. This can be seen best in the first derivative
of the spectrum; see Fig. S2 in the Supplemental Material
[72], and Table I. On the other hand, their D2O ice XIII
spectrum shows two strong subpeaks (at 2410 and
2513 cm−1 [56]) and more substructure, very similar to
the overtoneband presented here [Fig. 1(a)].
Furthermore, we find band width in the NIR spectrum to

be a marker for H order. The two strongest bands of ordered
ice XIII show significant narrowing relative to the disor-
dered counterpart ice V [Figs. 1(a) and 1(b)]. Owing to the
asymmetric shape of the 2νOH, we use the measure full
width at one third of the maximum (FWTM) [70] for
its broadness which decreases by 59 cm−1 in ice XIII.
Similarly, the FWHM of the 5000 band decreases by

47 cm−1 (Table I). Arakawa et al. claim a similar effect
of H order on band width for the ice Ih=iceXI pair. They
consider narrowing of the librational band (νR) at
∼850 cm−1 [35,37], and assign a discontinuous change
of band width below 140 K to H ordering in ice Ih,
while the (thermodynamic) H-ordering transition of
ice Ih → iceXI actually occurs at 72 K [74]. That is to
say, Arakawa et al. find signatures for nonthermodynamic,
local, or kinetic H ordering in their 2 μm thin ice samples
sandwiched between diamond windows. This ferroelectric
H ordering might be restricted to the first few monolayers
at the ice surface, consistent with the study by Sugimoto
et al. [75]. It might also be kinetically trapped domains in
the bulk, as suggested by Arakawa et al. themselves [76].
Also irradiation of the sample may trigger local ordering
above 72 K in the near-surface or interface region
(100–200 nm) [77,78].
We, however, observe narrowing for both the overtone of

the OH-stretching vibration 2νOH (∼6740 cm−1) and the
νOH þ ν2=νOH þ 2νR combinational band (∼5000 cm−1) in
H ordered ice XIII, where H ordering is confirmed to be
thermodynamically stable in the bulk from independent
diffraction and DSC data [11,44].
The third signature for the presence of H order in ice

XIII is the position and intensity of the combinational
band of OH stretching, bending, and libration vibration
(νOH þ ν2 þ νR) around ∼5500 cm−1. This band is blue-
shifted by 33 cm−1 for ice XIII and less intense [Fig. 1(b)
and Table I]. Note that this represents the first identification
of H order based on intramolecular vibrations (OH-stretching
and bending modes) that was previously thought to be
insensitive to H ordering. In the past, it was thought that
such differences manifest themselves merely in intermo-
lecular lattice modes, e.g., librational or translational
bands in the far infrared.
As pointed out by Moberg et al. [62,63], interpretation of

the vibrational spectra of ices is far from trivial due to the
strong intermolecular coupling and delocalization of vibra-
tions within the H-bond network. They also point out that a
straightforward assignment of symmetric and antisymmet-
ric OH-stretching modes to certain bands falls short and
that instead, bands are more likely composed of a mixture
or, at best, a majority of one or the other molecular
vibration mode. Thus, in their subsequent studies [62,63]
(applying many-body molecular dynamics and normal
mode calculations) they introduce indices for symmetry
and localization. They find the low-wave number part of the
OH-stretching band of ice XIII to consist of a majority of
symmetric contributions(Figs. 5/6 in Ref. [63]). The high-
wave number part of the OH-stretching band of ice XIII,
however, is composed of an equal mixture of symmetric
and antisymmetric contributions. We therefore tentatively
expand their interpretation of the OH-fundamental band
to the overtone band 2νOH and hypothesize that the low-
wave number shoulder of the 2νOH band is composed of

TABLE I. Band positions and width/intensity for three NIR
bands of ices V and XIII in comparison. FWTM and FWHM are
used as measures for peak width of the 2νOH and the 5000 band,
respectively.

Ice V [70] Ice XIII

2νOH=cm−1

6746 6740 Maximum
6362 Shoulder (see Supplemental

Material, Fig. S2 [72])6311
6281
6253

6228

FWTM=cm−1 Δ=cm−1
835 776 59

vOH þ v2 þ vR=cm−1 Δ=cm−1
5522 5555 33

Intensity (relative
to 5000-band) in %

12 8

5000 band=cm−1
5043 5044

FWHM=cm−1 Δ=cm−1
482 434 47
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mostly symmetric stretching modes. However, the effect of
anharmonicity and increased peak separation favors dis-
tinction for vibrational overtones: The anharmonic contri-
bution is different for H-ordered and H-disordered ices and
causes differences in their vibrational signatures. The peak
separation roughly doubles for the first overtone compared
to the fundamental, which increases small differences
to a level that can be recognized. Nevertheless, more
experimental and computational work dedicated to the
near-infrared spectrum of different hydrogen-ordered or
-disordered ices shall be encouraged by the present Letter.
In summary, we here establish that near-infrared spec-

troscopy is an effective experimental method for probing H
order in H2O ices that is the first method also suitable for
remote sensing experiments on ices in space. We tested the
2νOH band for its applicability for astronomical observa-
tions by estimating observation times using the JWST
Exposure Time Calculator [79]. Considering absorptivities
similar to hexagonal ice [80] and fluxes similar to the ones
observed toward the embedded protostar W33A [81,82],
we estimate an exposure time of ∼1 h using NIRSpec at a
fixed slit observation mode, using the G140H/F100LP
disperser-filter combination with a resolving power of
2700 in order to achieve sufficient signal to noise ratios
(>3) [83].
Based on the example of the ice XIII/V pair, we

demonstrate that the spectral region of the first overtone
of the OH-stretching vibration and the combinational bands
around 5000 cm−1 and 5500 cm−1 can be used to differ-
entiate ices which basically have the same oxygen network
but only differ in their H lattice. More specifically, we
observe splitting of the 2νOH shoulder, narrowing of the
2νOH and 5000 band, and a blueshift and shrinking of the
νOH þ ν2 þ νR combination band as signatures of hydrogen
order. This represents the first intramolecular vibrational
mode that allows for distinction between H order and H
disorder or in other words for molecular orientations in ice
crystals. Since orientations of water molecules are key for
the electric and mechanical properties of ices as alluded to
in the introduction, NIR sensing consequently also allows
one to sense these properties remotely. So far, spectroscopic
signatures of H order or H disorder have only been
observed by Raman spectroscopy of isotopically mixed
H2O=D2O ices in the intermolecular librational or trans-
lational region below ∼800 cm−1 [30,31], but not in the
(near-)infrared > 4000 cm−1, based on the overtone and
combinational bands of the OH-stretching and bending
vibration in isotopically pure H2O ices, which is presented
here for the first time. We show that NIR spectroscopy
qualifies as a suitable method for scrutinizing H ordering
in water ices both in the lab and in space, laying the
foundation for directly testing the hypothesis of high-
pressure H-ordered ices on the surface of celestial bodies
by the near-infrared instruments on JWST and JUICE.
The spectra of the pure ices reported here will then serve

the purpose as endmembers in spectroscopic modeling
of ice and brine spectra collected by such instruments
from icy bodies.
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