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ABSTRACT
Nitrogen and water are very abundant in nature; however, the way they chemically react at extreme pressure–temperature conditions is
unknown. Below 6 GPa, they have been reported to form clathrate compounds. Here, we present Raman spectroscopy and x-ray diffraction
studies in the H2O–N2 system at high pressures up to 140 GPa. We find that clathrates, which form locally in our diamond cell experiments
above 0.3 GPa, transform into a fine grained state above 6 GPa, while there is no sign of formation of mixed compounds. We point out size
effects in fine grained crystallites, which result in peculiar Raman spectra in the molecular regime, but x-ray diffraction shows no additional
phase or deviation from the bulk behavior of familiar solid phases. Moreover, we find no sign of ice doping by nitrogen, even in the regimes
of stability of nonmolecular nitrogen.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052315

INTRODUCTION

Water forms numerous inclusion compounds with many
elements and molecules. Many of them are clathrate hydrates,
where water molecules form cages—hosts incorporating other
entities—guests.1 The structure and composition of these com-
pounds and even their existence depend on the balance between
the strength of hydrogen bonds and water–guest interactions,2,3

which vary depending on the properties of guest elements or
molecules. Under pressure, these open structures modify in such a
way that clathrates with large cavities usually collapse and various
kinds of filled ices form.4–6 Such inclusion compounds have been
reported at very high pressures for a number of guests, including
Ar, CH4, H2, and He.6 Understanding of the stability, structure,
and properties of these materials is important for various applica-
tions, such as gas storage and separation and energy storage, and
technological applications, such as cooling devices. Moreover, based
on their pressure–temperature (P–T) stability range, these inclu-
sion compounds can be present in interiors of large satellites and
planets.7,8

Water can also be considered as a simplest and most familiar
hydride which, under pressure, experiences symmetrization of
hydrogen bonds and transforms into an extended insulating phase
with covalent bonding (ice X) (e.g., Ref. 9). This state is similar
to high-pressure phases of other hydrides, H2S and H3S, which
have been recently examined for high-temperature superconducting
properties10–13 following the line proposed by Ashcroft for hydrogen
dominant alloys.14 Because these materials comprise light elements,
they may have high phonon frequencies and a high density of elec-
tronic states, which are necessary ingredients for high-temperature
superconductivity. Recently, poly- and super-hydrides have been
shown to demonstrate superconductivity close to room tempera-
ture,10,11 calling for better understanding of their peculiar electronic
properties and lattice dynamics which are critical for superconduc-
tivity. Water is a natural candidate for detailed examination; how-
ever, a dopant is needed to make it metallic as pressure induced
doping of water is ineffective.15 Nitrogen was proposed as a dopant
of ice X at 150 GPa16 substituting oxygen and creating holes as the
charge carriers. This material is expected to be a high-temperature
superconductor with Tc in the range of 20–60 K.16
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At low pressures, N2 and H2O form several host–guest com-
pounds depending on pressure up to 2 GPa.3,17–21 Four nitrogen
hydrates have been reported below 1.6 GPa; however, the stability
of the high-pressure filled ice structure is controversial.6 Recently,
yet another clathrate structure, sX, with chiral channels of the
water molecules has been proposed which are refillable with N2
molecules.18 Here, we present combined Raman and synchrotron
x-ray diffraction (XRD) investigation of water–nitrogen mixtures
in a diamond anvil cell (DAC) up to 140 GPa. We find no sign of
nitrogen hydrates above 6 GPa; instead, water and nitrogen followed
a common room-temperature sequence of phase transformations.
However, the N–N stretching modes demonstrate an unusual split-
ting in some regions in the DAC cavity where clathrate forms. We
assigned these changes in the vibrational spectra to the formation of
very small crystallites, causing a violation of the Brillouin zone cen-
ter Raman selection rules. At high pressures, following the formation
of light absorptive amorphous η-N, we laser heated the sample up
to 3000 K, which resulted in the emergence of familiar polymeric
cg- and bp-N;22–25 however, no nitrogen–water compound was
documented.

EXPERIMENTAL DETAILS

We performed the experiments in a DAC by combining visual
observation with in situ high-pressure x-ray diffraction (XRD) and
Raman measurements of mixed water–nitrogen samples. The dia-
mond anvils with culets of 500, 300, 200, and 100 μm in diame-
ter (the latter were beveled to 300 μm) were used in experiments
up to 140 GPa. Distilled water was put into the cavity drilled in a
rhenium gasket, and an air bubble was created in a sealed cavity;
then, the DAC was put in a large high-pressure vessel and com-
pressed to 0.15 GPa. N2 gas was loaded by shortly opening and
closing the cavity. Depending on the experimental circumstances,
there was an excess of nitrogen or water in the sample cavity, which
did not affect the major results. Pressure was measured by using
ruby fluorescence, XRD of Au sensors, and Raman spectroscopy of
the stressed anvils depending on the experiment type and availabil-
ity. All the measurements and pressure manipulations have been
performed at room temperature. Near infrared fiber laser heating
(1064 nm) was attempted at several pressures above 10 GPa via a
direct coupling scheme, but no sizable effects have been observed
visually and by Raman spectroscopy. In addition, to address pos-
sible kinetic effects on the formation of clathrate compounds, we
performed laser heating above the melt line of ice VII and N2 at
about 10 GPa by coupling the laser beam to small Au pieces in
the high-pressure cavity. Above 130 GPa, we directly laser heated
the sample following the appearance of amorphous η-N,26,27 which
absorbs laser radiation, leading to synthesis of polymeric nitrogen
modifications.

Of several (∼10) experiments that have been performed, the
majority were visual/Raman, while three combining visual observa-
tions with concomitant synchrotron x-ray diffraction (XRD)/Raman
investigations were performed at GSECARS (Sector 13 of the
Advanced Photon Source, the Argonne National Laboratory)
and the Extreme Conditions Beamline (ECB) P02.2 (Petra III,
Deutsches Elektronen-Synchrotron, Hamburg, Germany). Our con-
focal Raman probe at the Institute of Solid State Physics (Hefei,
China) utilizes any of the 488, 532, and 660 nm laser excitation

wavelengths.28 The Raman notch filters allow Raman measurements
down to 10 cm−1 in the Stokes and anti-Stokes spectral ranges.
One of these notch filters is used as a beamsplitter to inject the
laser beam into the optical path. A single stage imaging spectro-
graph SP2500 (Acton) with a focal length of 500 mm was equipped
with an array thermoelectrically cooled CCD detector (Princeton
eXcelon). Normally, spectra were acquired in a low resolution mode
(300 grooves/mm grating) for a quick reconnaissance followed by
a longer time (<300 s) acquisition using a high spectral resolution
mode (1200 or 1800 grooves/mm grating), yielding approximately
a spectral resolution of 4 cm−1. The laser power was limited to val-
ues below 20 mW at the sample to avoid sample overheating. The
offline Raman system at GSECARS has a similar optical schematic.29

The latter system has mapping capabilities, which were exten-
sively used for investigations of heterogeneous samples investigated
here.

Synchrotron XRD experiments were performed at GSECARS
with the wavelength of 0.2952 Å and ECB with the wavelength of
0.291 Å by employing both powder and single-crystal techniques. In
the latter case, we collected XRD patterns at different angular posi-
tions of a DAC with respect to the ω rotation axis (vertical) with the
samples carefully positioned on the rotation center (e.g., Ref. 30).
XRD mapping capabilities were also extensively employed, and the
Raman and XRD maps were analyzed together. The x-ray beam size
was ∼3 × 3 μm2 at GSECARS and ∼2 × 2 μm2 at ECB.

RESULTS AND DISCUSSIONS

After loading, while at low pressures, fluid H2O and N2 were
spatially separated with N2 filling spherical-like vesicles based on
visual observations and Raman measurements (Figs. 1 and 2 and
Fig. S1 of the supplementary material). Judging from very low
intensity of the N–N stretching mode (vibron) at 2330 cm−1 in
the Raman spectra of the water-rich sample, the solubility of N2
in water is very low, and this situation remains after ice forms
at about 2 GPa (Fig. 1). The nitrogen-rich part of the sample

FIG. 1. Raman spectra of different regions of samples and corresponding micro-
scopic images of N2–H2O at elevating pressures. The light gray solid line is a
guide to the eye for comparing the frequency of the N2 vibron at different sample
locations. Panels (a)-(c) correspond do various pressures.
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FIG. 2. Raman spectra of the N–N vibron in the water-rich sample (in dark gray), in bulk N2 (in red), and in mixed N2–H2O (in blue) at different pressures. The arrows mark
additional Raman peaks that appear in heavily mixed sample areas. The light gray boxes are guides to the eye for easy comparison of the mode frequencies. Panels (a)-(f)
correspond do various pressures.

shows no sign of the O–H stretch modes at 3200–3500 cm−1. The
Raman spectra of the water- and N2-rich areas could not be distin-
guished from those of the bulk materials, the high-pressure behav-
ior of which had been described previously.9,26,31 Their Raman fre-
quencies agree well with the literature data as shown in Fig. 3.
Upon an increase in pressure, the boundaries between water- and
N2-rich areas become fuzzier, but they remain visible to very high
pressures.

Clathrates reported previously have been detected in a number
of experiments via observations of a splitting of the intramolecular
N–N vibration (vibron) at about 1 GPa (Fig. 3)19,20 and by concomi-
tant visual observations. Depending on the initial water–nitrogen
composition in the cavity, clathrates form in boundary regions
between H2O- and N2-rich zones or the sample is split between the
clathrate and H2O- or N2-rich regions (Fig. S2 of the supplementary
material). However, upon an increase in pressure, the Raman spectra
of the regions originating from clathrates and supposedly phase sep-
arated demonstrate somewhat modified Raman spectra; we attribute
these characteristics to a fine grained mixture of solid N2 and H2O
as discussed below.

We examined the stability of fine grained mixtures by laser
heating at 10 GPa deposited via Au pieces positioned in the prox-
imity to the sample. In this experiment, H2O-N2 sample includ-
ing the fine grained region (Fig. S2 of the supplementary mate-
rial) was melted around laser heated Au pieces. Visual observations

demonstrated no essential change in the sample appearance, while
Raman measurements showed a splitting of the ν2 mode (Fig. S3
of the supplementary material), the effect which we associate with
the presence of very small crystallites as discussed below. There was
no further time dependent change following these observations over
several hours.

At 4.7 GPa, the N2 vibron mode shows a splitting (Fig. 2) in
the fine grained region and a new broad peak that appears at lower
frequencies, while bulk N2 (β-phase) reveals only one vibron peak at
this pressure.32 At higher pressures, in the stability region of δ and
ε phases, where the vibron modes split into ν1 and ν2 vibron com-
ponents due to the presence of two nonequivalent crystallographic
sites, this splitting persists for the lower frequency ν2 vibron compo-
nent, while the ν1 mode remains a single component. The intensity
of the new Raman peak and the splitting value are critically depen-
dent on the sample positions (Figs. S1 and S4 of the supplementary
material).

Above 20 GPa, two new Raman peaks appear between the ν1
and ν2 major vibron components in addition to a common split-
ting of the ν2 mode, which occurs in ε-N2.33 Above 42 GPa, the
lower frequency component of the ν2 vibron gets weaker [Fig. 2(e)],
while the main ν2 peak becomes asymmetric (Fig. 2 and Fig. S1
of the supplementary material). The results of two experiments,
where the additional peaks were observed, slightly vary in terms of
the frequencies and the peak intensities depending on the sample
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FIG. 3. Pressure dependencies of the Raman vibron frequencies of fine grained N2
(black open symbols) in comparison with bulk N2 (gray solid lines, Ref. 31). The red
solid lines are guides to the eye, emphasizing the additional Raman bands of fine
grained N2. The inset shows the detailed low-pressure behavior, in agreement with
the data of Refs. 19 and 20 (dark cyan solid lines), which assigned the observed
peaks to the NH-II clathrate.

positions; this suggests that these observations in highly heteroge-
neous N2–H2O mixtures may be related to crystal habit and/or size
effects. The vibrational frequencies of the ν1 and ν2 major vibron
modes of fine grained N2 agree well with those of bulk N2 (Fig. 3). It
is interesting that similar spectra were also observed in the water-
rich area of the sample, where the additional vibron peaks are
stronger (Fig. S4 of the supplementary material).

The lattice modes measured in the fine grained area generally
show a good correspondence with those of bulk nitrogen (Fig. S1 of
the supplementary material). The ice VII lattice mode is observed
below 22 GPa (Fig. S4 of the supplementary material), but at higher
pressures, narrow and strong lattices of ε-N2 dominate in the spec-
trum. The O–H stretching and bending modes also show a good
correspondence with the behavior of bulk ice VII (Fig. S5 of the
supplementary material).

Above 87 GPa, in the stability range of the ζ phase of N2,34,35

the ν1 vibron mode in the fine grained area demonstrates a depar-
ture from bulk N2 to higher frequencies, while the ν2 modes show a
good correspondence (Fig. S6 of the supplementary material). More-
over, the ν1 vibron mode persists and remains strong up to at least
132 GPa in contrast to bulk nitrogen, where this mode becomes very
weak, which is likely related to the transformation to κ-N2.34 The
departure of the ν1 vibron mode to higher frequencies has been also
observed in the He–N2 system, where the (N2)11He compound was
reported to be stable up to 135 GPa in a structure similar to ε-N2.36

As in the case of the anomalous N2 vibron peaks at lower pressures,
the blue-shifted ν1 Raman vibron was also observed in the water-rich
area of the sample, where it was relatively stronger (Fig. S7 of the
supplementary material). It is worth noting that the frequency of the
T2g O–O stretch mode of ice X measured of the same fine grained

area is consistent with that measured from the bulk material9

(Fig. S8 of the supplementary material).
The frequency of the vibron mode depends on the molecular

environment and intermolecular coupling. The latter term strongly
depends on whether the crystallites are sufficiently large, so their
inverse length value is smaller than the wave vector of the vibrational
excitations. The Raman selection rules, which dictate that only the
Brillouin zone center modes are allowed due to the conservation of
momentum, fail in this limit. As a result, the vibron impurity modes
appear with the frequencies of non-interacting molecules, which are
substantially different from that in the bulk crystal.37 This mecha-
nism provides a tentative explanation to an unusual behavior of N2
vibron modes (Figs. 2 and 3), suggesting that it is the size effect,
which results in observations of extra Raman peaks in the vibrational
spectra of nanocrystallites.

X-ray diffraction measurements have been performed on sev-
eral N2–H2O samples above 6 GPa up to 140 GPa. The experiments
involved collection of powder diffraction in an area of interest using
grid scans with a typical step size of 2 μm and covering the range of
±15 μm relative to the center of the sample chamber or the region of
interest [Figs. 4(a)–4(c) and Fig. S9 of the supplementary material].
The sample contained clearly distinct H2O- and N2-rich areas. Both
H2O and N2 crystallize in the structures typical for the pure systems
at given pressures. At ∼7 GPa, N2 possesses a cubic Pm3n structure
(δ-N2) with a = 5.9656(9) Å [Fig. 4(a)], while water crystallizes in the
ice-VII structure (Pn3m) with a = 3.1866(4) Å. The unit cell volumes
measured here for various nitrogen and ice phases are in agreement
with the previous observations (Fig. 5). Due to the bcc arrangement
of oxygen atoms in the unit cell of ice-VII, the reflections (hkl) with
h + k + l = 2n + 1 have negligible intensities and were not used for
the Le-Bail fit to avoid ambiguities resulting from possible overlaps
between these reflections and the reflections of δ-N2.

On further compression, nitrogen transforms to the ε-N2 phase
[Fig. 4(b)], while H2O can no longer be described very well by a cubic
symmetry: the cubic lattice parameter deduced from the position of
reflections (110) and (002) deviates by ∼0.015 Å, suggesting either
the symmetry lowering or the development of non-hydrostatic stress
conditions (Table S1 of the supplementary material). This effect
was previously observed by Somayazulu et al.38 Quasi-continuous
rings of ε-N2 are observed in H2O-rich areas where nitrogen forms
very small crystallites consistently with observations of extra Raman
vibron peaks (Fig. S9 of the supplementary material).

We found no evidence of crystalline mixed N2–H2O com-
pounds up to the highest pressure reached in this study even when
the sample was heated. Above 120 GPa, molecular nitrogen can
be transformed to nonmolecular η-N via direct laser heating.25,34,39

This results in the formation of cg-N and bp-N (at slightly higher
pressures), in agreement with previous studies23–25,34,39,40 [Fig. 4(c),
Fig. 5].

Previous studies suggested that filled ice structures (FIS) form
in the H2O–N2 system and remain stable to high pressures, at least
6 GPa,20 perhaps to 30 GPa.6 However, the structure was only
reported below 2 GPa and no structural refinement was presented,3
while the vibrational spectroscopy data are too ambiguous to claim
the stability of FIS to higher pressures. Raman spectroscopy data of
this work are consistent with the presence of the well-known phases
of ice and nitrogen, while the extra N2 vibron and lattice mode peaks
are likely due to the size effects (Figs. 1–3 and Figs. S1, S3, S5, and S6
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FIG. 4. (a)–(c) X-ray diffraction imaging maps of the N2–H2O sample at various pressures and representative powder diffraction patterns λ = 0.2952 Å. (d) Microscopic
images of non-heated and heated N2–H2O samples at various pressures.

of the supplementary material). A splitting of the N2 vibron mode
above 5 GPa indicates the transition into a common δ-phase of bulk
nitrogen. The structure and lattice parameters of the detected solid
nitrogen phases are verified by direct single-crystal and powder XRD
measurements [Fig. 4(a), Fig. (5)]. Moreover, the presence of ice VII
has also been documented, while no other phase was found. These
results demonstrate the instability of FIS phases with respect to
decomposition to end-member materials. This is in contrast to other
mixed molecular systems, such as H2–H2O and CH4–H2O, where
inclusion compounds are stable at very high pressures.4,5,41 Follow-
ing Ref. 3, N2 hydrate has an orthorhombic Methane Hydrate III
(MH-III) structure42 at 2 GPa with a N2 to H2O ratio of 2:1, yielding
a volume of some 4% larger than the mean volume of the β-N2 and
ice VII mixture at a ratio of 2:1, while isostructural CH4–H2O is as
dense as the mixture. This loose packing of N2–H2O FIS indicates
that it is prompt to instability with regard to dissociation, and this
tendency likely increases with pressure as N2 is very compressible,

and it is more compressible than methane at 2–15 GPa (Fig. S10 of
the supplementary material).

Doping of ice X has been examined theoretically at 150 GPa
to explore a possibility to close the bandgap and create a new high-
temperature superconducting hydride.16 Our experiments do show
that the samples become absorptive at above 140 GPa, but this must
be due to transition into amorphous η-N.26,27 After laser heating at
140 GPa up to 3000 K, cg- and bp-N formed in the cavity; however,
the sample remains dark in the nitrogen-rich part [Fig. 4(c)]. This
seems to be in odd with the reported transparency of both cg- and
bp-N.23–25 Indeed, the dark parts of the sample contain a substan-
tial amount of bp-N manifested by the strong characteristic Raman
spectra (Fig. S11 of the supplementary material). The sample was
coupling to an IR heating laser after several heating events up to
the highest temperatures. We could even laser heat the sample at
80–84 GPa following the pressure release from 140 GPa, suggesting
that bp-N can be absorptive (cf. Refs. 23 and 24) in this pressure
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FIG. 5. Volume per formula unit vs pressure of solid phases of nitrogen (per two
atoms for polymeric phases) and water. The error bars are smaller than the symbol
size (not shown). The results of the previous works on nitrogen are from Refs. 23,
24, 34, 43, and 44 and on ice are from Refs. 45–48.

range. In addition to these phases, we could even detect patches of
molecular nitrogen owing to the observations of N2 vibron modes at
2378 cm−1 and a few weaker higher frequency bands (Fig. S11 of the
supplementary material). The T2g oxygen mode of the symmetric
ice X phase9 is broad and weak and could be occasionally observed
(Figs. S7 and S11 of the supplementary material). We can speculate
that the interphase boundaries contribute to the absorption pro-
cesses even though XRD and Raman spectroscopy measurements
do not reveal any other signals but those which can be attributed to
the major nitrogen and water phases described above. These include
Raman modes η-, cg-, and bp-N,23–27 as well ice X (Fig. S11 of the
supplementary material). The spectral positions of all the Raman
bands agree well with those of the bulk materials at the same pressure
(Fig. S8 of the supplementary material).

CONCLUSIONS

Our combined XRD and Raman experiments above 6 GPa
show no sign of stability for filled ice structures, unlike the case
of the reportedly structurally similar CH4–H2O system, which is
stable at very high pressures. However, the existence of filled ice
structures cannot be completely ruled out unless other P-T path-
ways and longer synthesis times are explored. Nevertheless, we
find a remarkable immiscibility of common stable phases of nitro-
gen in both the molecular and nonmolecular regimes. The addi-
tional nitrogen originated Raman bands which have been observed
in heavily mixed H2O and N2 sample regions were assigned to
the crystallite size effects due to the breakdown of the Raman
selection rules. A detailed XRD mapping of mixed samples before
and after laser heating up to 3000 K at 140 GPa demonstrated
no effect of ice doping by nitrogen. A dark appearance of the

mixed samples at high pressures is likely due to combined effects
of fine grain boundaries and the presence of nonmolecular forms of
nitrogen.
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