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Understanding the high-pressure behavior of ammonia hydrates is relevant for modeling the interior of solar
and extrasolar icy bodies. We present here the results of high-pressure x-ray diffraction studies on ammonia-
dihydrate (ADH) at room temperature (298 K) up to 112 GPa, employing both static and dynamic compression
experiments performed in diamond anvil cells. The derived pressure-volume (P-V) compression curves are
in excellent agreement regardless of the compression technique. In contrast to early theoretical predictions,
our results indicate the stability of the disordered molecular alloy (DMA) phase, a body centered cubic (bcc)
structure, and the absence of self-ionization in the investigated pressure range. By combining the P-V data from
seven different compression runs, we derive the first equation of state for ADH-DMA based on the third-order
Birch-Murnaghan formalism with best-fit parameters: V0 = 23.96 ± 0.03 (Å3/molecule), B0 = 9.95 ± 0.14 GPa,
and B′

0 = 6.59 ± 0.03. The instantaneous bulk modulus directly derived from the quasicontinuous compression
curves displays a smooth increase upon compression that further supports the absence of structural transitions.
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I. INTRODUCTION

Ices of water (H2O), ammonia (NH3), and methane (CH4),
and mixtures thereof (hereafter HNCO ices), are thought to
be major constituents in planetary bodies from comets to
the interiors of the icy moons of the Jovian planets (e.g.,
Titan and Ganymede) and the solar ice giants (Uranus and
Neptune) [1–3]. Most recently, thousands of (exo)planets with
sizes between the Earth and Neptune (1–4 RE , RE = Earth
radius), and whose interiors are likely dominated by HNCO
ices (the so-called “mini-Neptunes”), have been identified
by space missions like KEPLER, GAIA, and TESSS [4–8].
Knowledge of the structure and physical properties of HNCO
ices at relevant high pressure–high temperature conditions
(>50 GPa and 1000 K) are thus fundamental to develop
accurate models for the internal structure and dynamics of
solar and extrasolar icy worlds and to interpret the available
geophysical observations [9,10].

The high-pressure behavior of the ammonia (NH3)–water
(H2O) system is of particular relevance not only to plan-
etary sciences but also as a proxy for systems displaying
both homonuclear and heteronuclear hydrogen bonding [11].
Ammonia is readily soluble in water and three stoichiometric
ammonia hydrates have been shown to crystallize at low tem-
peratures depending on the initial NH3:H2O ratio—ammonia
dihydrate (ADH, NH3:H2O = 1:2), ammonia monohydrate
(AMH, NH3:H2O = 1:1), and ammonia hemihydrate (AHH,
NH3:H2O = 2:1) [12,13]. After the earliest work by Nicol
and co-workers [14–16], a number of experimental and the-
oretical studies have investigated the behavior of NH3−rich
hydrates (>50 wt % NH3) at high pressure–high temperature
conditions. Rich polymorphism [17–20], extensive dehydra-
tion reactions [11,17,19], and the formation of partially ionic

phases [19–23] at lower pressure conditions than observed for
the pure NH3 [24] have been reported for AMH and AHH
to date. Conversely, the experimental data on the H2O-rich
hydrate, ADH, is limited to pressures below 10 GPa [25,26]
despite the potential relevance for planetary modeling consid-
ering the cosmochemical abundance of ammonia and water,
NH3:H2O = 1:7 [27].

X-ray diffraction studies on crystalline ADH were per-
formed by Bertie et al. [28] who identified the ADH-I phase
and determined its crystal structure at 105 K. Further studies
employing both x-ray and neutron diffraction techniques re-
vealed a total of five high-pressure polymorphs of ADH below
10 GPa [11,16,25,26,29–31]. The highest pressure polymorph
experimentally identified to date, ADH-V, displays a unique
body centered cubic (bcc) structure, characterized by a ran-
dom distribution of NH3/H2O molecules and orientational
disorder in the protons on all the lattice sites, which is referred
to as a disordered molecular alloy (DMA) structure [25,26].
The disordered alloy structure was identified in AMH [32] and
later in AHH [17], although most recent studies indicate the
partial ionization of the structure [19,20,22,23], thus renam-
ing it a disordered ionicomolecular alloy, DIMA [19,22]. For
ADH, first principle molecular dynamic simulations predicted
several structural phase transitions upon compression at room
temperature, including the transition into a purely ionic tetrag-
onal phase at pressure as low as 12 GPa, and superionicity
at temperatures above 1000 K [33–35]. These predictions are
yet to be confirmed due to the lack of experimental high
pressure–high temperature studies on the ADH-DMA phase
beyond 10 GPa.

Here we present the results of room temperature (298 K)
x-ray diffraction compression studies on the ADH-DMA
phase up to 112 GPa from both static and dynamic
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TABLE I. Summary of static (sDAC) and dynamic (dDAC) compression runs performed on the ADH-DMA phase up to 112 GPa at room
temperature.

Run Culet (µm) Gasket Sample chamber (µm) Starting P (GPa) Highest P (GPa) Compression Ttpe

sDAC1 200 Re 100 44 82 static
sDAC2 200 Re 100 26 85 static
sDAC3 200 Re 100 29 78 static
sDAC4 150 Re with amorphous insert 70 52 100 static
dDAC1 150 Re with amorphous insert 70 12 112 dynamic
dDAC2 200 Re with amorphous insert 100 18 55 dynamic
dDAC3 200 Re 100 14 87 dynamic

compression experiments in diamond anvil cells. The
dense data coverage of the compression curves obtained
here demonstrates the stability of the bcc structure of the
ADH-DMA phase lacking evidence for self-ionization up
to the highest pressure investigated. Our result provides the
first equation of state (EoS) and the pressure dependence
of the instantaneous bulk modulus of the ADH-DMA phase
at conditions relevant to the midmantle layers of large icy
(exo)planets.

II. METHODOLOGY

A. Diamond anvil cell (DAC) techniques

Powder x-ray diffraction measurements were conducted
using symmetric piston-cylinder type diamond anvil cells
(DACs) equipped with 150–200-µm-diameter culet diamonds
(type Ia). Rhenium (Re) gaskets preindented to ∼30 µm and
drilled with a hole at the center with approximately half of the
diamond culet diameter served as sample chambers. In some
of the runs, an amorphous metallic glass (Fe0.79Si0.07B0.14)
insert lining the gasket [36] was employed avoiding parasitic
scattering from Re that could overlap with the weak sample
reflections.

The ADH-DMA sample investigated here was synthesized
using a commercially available NH3−H2O solution contain-
ing 32 wt % NH3 (Sigma-Aldrich, product no. 1.05426),
which corresponds to the appropriate mixing ratio to stabilize
the stoichiometric ADH phase [12]. Because the concentra-
tion is close to the room temperature solubility of NH3 in the
system, the solution was refrigerated to ∼278 K to prevent
NH3 evaporation during the loading procedure and the DAC
assembly was precooled to ∼292 K before loading. One drop
of the solution was placed inside the sample chamber with
the help of a medical syringe and the DAC was immediately
closed at a pressure below 1 GPa, to avoid sample demixing
during crystallization at room temperature [17]. Gold (Au)
powder was added to the compression chamber to serve as
a pressure marker. Furthermore, the ADH-DMA phase was
stabilized at low temperatures following procedures described
in earlier studies [25,26,32]. The DAC was placed on a metal
stand partially immersed in a liquid N2 bath to cool down
the sample below 160 K. The sample temperature was moni-
tored using an OMEGA thermometer (CL3515R) along with
a K-type thermocouple attached to the back of one of the
diamonds. When the temperature reached ∼150 K, the sample
was compressed up to at least 10 GPa to avoid the decompo-

sition of the sample into ice VII and ammonia hemihydrate
II (AHH-II) as the cell warms up to room temperature [17].
The initial pressure of the as-synthetized ADH-DMA phase in
each run is reported in Table I. X-ray diffraction analysis along
with Raman spectroscopic studies prior to the compression
experiments confirmed either the formation of the ADH-V or
ADH-DMA phase and the absence of other phases such as ice
VII or AHH-II in the compression chamber.

A total of seven compression runs were performed up to
a maximum pressure of 112 GPa, compressing the sample
inside the DAC either statically or dynamically. In the static
compression experiments, the sample was pressurized by a
gas-driven membrane attached to the upstream side of the
DAC. In dynamic compression runs, a symmetric piston-
cylinder DAC was inserted in a dDAC assembly containing
a high-voltage piezoelectric actuator that expands when volt-
age is applied resulting in a smooth and continuous pressure
increase [37]. The DAC was compressed using a triangular
voltage wave form with a rise and fall time of 1200 s each,
resulting in an average compression rate of 0.1 GPa/s (e.g.,
the dDAC1 sample).

B. X-ray diffraction data collection and analysis

Monochromatic synchrotron x-ray beams of either 42.7
(static compression) or 25.6 keV (dynamic compression)
with a focal spot size of 2 µm × 2 µm or 3 µm × 8 µm
(H × V) full width at half maximum (FWHM), respectively,
were employed for powder XRD experiments at the Extreme
Condition Beamline P02.2 at PETRA III, DESY, Hamburg
[38]. For static compression experiments, data were collected
using the flat panel detector XRD1621 from Perkin Elmer
equipped with a Ta-doped CsI sensor bonded to an amorphous
silicon readout chip. Time-resolved XRD data collection in
the dynamic compression experiments was accomplished us-
ing 2 × 2.3 MPix GaAs LAMBDA detectors [39,40]. The
sample to detector distance, tilt, and rotation of the XRD1621
and LAMBDA detectors were calibrated using CeO2 and
Cr2O3 standards (NIST 674b). Typical acquisition times per
spectrum were 10 and 2 s for the static and dynamic compres-
sion experiments, respectively.

Diffraction images were integrated into one-dimensional
(1D) patterns using DIOPTAS software [41] and peak posi-
tions of individual reflections were determined based on a
fit of a pseudo-Voigt function using a least-squares fitting
routine. The lower photon energy and the limited angu-
lar coverage by the LAMBDA detector resulted in reduced
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FIG. 1. Selected x-ray diffraction patterns of the ADH-DMA
phase recorded upon compression at 298 K in (a) static compression,
sDAC2 and sDAC4 samples (incident energy 42.7 keV) and (b)
dynamic compression, dDAC1 run (incident energy 25.6 keV). Bragg
reflections corresponding to the ADH-DMA phase are marked by
black squares. The other major reflections correspond to the gold
(Au) pressure marker (yellow circles). Weak Re reflections from the
gaskets are also present in some spectra.

2θ angle sampling in the dynamic compression experiments
compared to the static compression experiments. Therefore,
only the (110) reflection of the ADH-DMA bcc structure
was observed throughout the entire pressure range (up to 112
GPa) in the dynamic compression experiments, compared to
the two to three reflections in the static compression runs
(Fig. 1). The reported lattice parameters of the ADH-DMA
phase were therefore determined based on the position of the
(110) reflection in all runs to allow for a direct comparison
between data sets collected using the two different experimen-
tal approaches. The validity of this approach was confirmed
by the excellent agreement between the lattice parameters
and those obtained by Le Bail refinements performed on se-
lected diffraction patterns from the static compression runs.
The uncertainty in the ADH-DMA volume was estimated
based on the standard deviation in the volumes determined
from the (110) and (200) reflections in the static compression
experiments and assumed to be similar for the dynamic com-
pression data as this approach cannot be applied. The pressure
was estimated based on the peak position of the Au (111)
reflection, which was previously shown to be least affected
by the presence of nonhydrostatic uniaxial stress [42]. The
bulk modulus from the pressure-volume data was obtained by
fitting the dataset to a third order Birch-Murnaghan equation
of state (BM EoS) and by numerical differentiation of the
pressure-volume (P-V) compression curve on account of the
data coverage achieved here.

III. RESULTS AND DISCUSSION

A. Pressure evolution of ADH-DMA phase to Mbar pressures

Figure 1 shows selected diffractograms collected during
static (sDAC2 and sDAC4, Table I) and dynamic (dDAC1,

FIG. 2. Intensity plot showing the evolution of diffraction pat-
terns collected for dDAC1 in Image number vs 2θ space. The (110)
diffraction line of the ADH-DMA phase is most intense reflection
and can be traced over the full compression range. The inset shows
the propagation of pressure during the corresponding run. The initial,
final, and highest pressure reached during the ramp compression is
indicated in the graph.

Table I) compression experiments, whereas the time evolution
of the diffractograms during the entire compression cycle
in a dynamic compression experiment (dDAC1, Table I) is
shown in Fig. 2. Additional data from the static and dynamic
compression experiments are reported in Figs. S1 and S2,
respectively, of the Supplemental Material [43]. The char-
acteristic (110) reflection of the bcc ADH-DMA phase was
generally the most intense diffraction line observed up to the
highest pressure and could be resolved without overlap with
the gasket signal because of the use of metallic glass inserts
[36]. Weak signals arising from the Re gasket are however
observed in the diffraction patterns from samples that were
not prepared with metallic glass inserts (Fig. 1 and Fig. S1 of
the Supplemental Material [43]). Whenever there was a large
overlap between the sample signal and diffraction from the Re
gasket or the Au pressure marker, the diffractograms were re-
jected from further analysis. Le Bail refinements performed on
selected patterns from static compression run sDAC2 (Fig. 3)
confirm that all diffraction lines which are not from the Au
pressure marker or the Re gasket can be indexed based on
the bcc structure (space group Im−3m) proposed by earlier
lower-pressure studies [25,26]. These observations confirm
the lack of structural transitions in the ADH-DMA phase up
to the highest pressure investigated here.

The stability of bcc ADH-DMA phase in the investigated
pressure range is in contrast with the results from previous
theoretical studies on ADH and the behavior reported for other
ammonia hydrate phases [19,20,22,23]. First principle molec-
ular dynamic simulations predicted the transition of molecular
ADH-DMA into an ionic phase with a tetragonal structure
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FIG. 3. X-ray diffraction pattern of ADH-DMA phase at
(a) 42.5 GPa and (b) 72 GPa at room temperature (run sDAC1). The
black circles are experimental data and the red line is the Le Bail
refinement fit. Colored sticks show the position of the Bragg reflec-
tions for the sample, the Re gasket, and the Au pressure calibrant
correspondingly. The green line represents the difference between
observed and calculated profile patterns. The goodness of fit parame-
ters are as follows: (a) Rwp = 0.3321, Rp = 0.1825, χ 2 = 1.014, and
(b) Rwp = 0.4735, Rp = 0.2146, χ 2 = 2.

(I41cd) at 12 GPa [33], while orthorhombic (Ama2) and mon-
oclinic (P21/m) structures are subsequently stabilized upon
further compression [34,35]. Similarly, recent x-ray diffrac-
tion and Raman spectroscopy studies on AMH have also
shown the coexistence of the bcc DIMA phase with a purely
ionic ordered tetragonal (P4/mnn) structure solely composed
of NH4

+ and OH− above 8 GPa [19,22], in agreement with
early theoretical predictions [21]. Moreover, the spontaneous
ionization of the ammonia hemihydrate DMA phase above
26 GPa has been observed by both Raman spectroscopy and
first principle calculations [23]. To further confirm the absence
of transition towards ionic structures in ADH, we have simu-
lated the XRD patterns of the predicted ionic high-pressure
phases (I41cd , Ama2 and P21/m) [33,34] and compared them
to the spectra recorded at similar pressure conditions (Figs.
S3–S5) [43]. We note the absence of the characteristic reflec-
tions of the ionic phases in our XRD data and emphasize that,
if present, they could be resolved from those of ADH-DMA
and the Au standard. Moreover, we systematically recorded
x-ray diffraction maps across the sample chamber before and
after the static compression runs as the ionic phases may not
be uniformly distributed in the sample [22]. The maps rule
out the presence of ammonia-bearing phases other than ADH-
DMA in the sample chamber and thus confirm the lack of
transition toward ionic structures in ADH-DMA in the present
study. The persistence of the molecular phase of ADH upon
compression points to distinct compressional behavior of
the ADH-DMA phase compared to other ammonia hydrates.

FIG. 4. (a) Pressure-volume data for the ADH-DMA phase ob-
tained in all static (four runs) and dynamic (three runs) compression
experiments. Data from all runs are in excellent agreement and fall
within the error envelop (grey shadowed area) outlined by the grey
dashed line. The solid line represents a joint fit to all datasets by
a third order Birch-Murnaghan EoS. (b) Pressure evolution of the
instantaneous bulk modulus of the ADH-DMA phase calculated di-
rectly by numerical differentiation of the P-V curve, B = −V dP

dV
, for

selected static and dynamic compression runs. The smaller volume
changes (dV ) as the material densifies result in higher fluctuations in
the instantaneous bulk modulus in the high-pressure range.

Nevertheless, additional Raman spectroscopy analysis, which
is more sensitive to the presence of ionic species than x-ray
diffraction [19], will be required to confirm the observations.

B. P − V compression curve of ADH-DMA

The pressure evolution of the ADH-DMA volume (per
molecule) derived from data collected in all static and dy-
namic compression runs is shown in Fig. 4(a). Overall, the
volume measured in static and dynamic compression runs
agrees well within its uncertainties. The P-V data from all
the runs along with their error was fit to a third order
Birch-Murnaghan equation of state (BM EoS) using EOSFIT7C

program [44] to derive the volume (per molecule) V0, the
bulk modulus B0, and its pressure derivative B′

0 at ambient
conditions. Initially, the ambient volume V0 of the ADH phase
was estimated considering an ideal mixture of NH3 and H2O
with a 1:2 molar ratio which was then refined during the
fitting procedure. The best-fit EoS parameters for ADH-DMA
are V0 = 23.96 ± 0.03 (Å3/molecule), B0 = 9.95 ± 0.14 GPa,
and B′

0 = 6.59 ± 0.03 (Table II). The entire P-V data set is
well described by a single equation of state [Fig. 4(a)], whose
extrapolation to low pressure is in excellent agreement with
earlier data [25,26] (Fig. 5). To validate the choice of the
EoS fit model, we computed the Eulerian strain ( fE) and
normalized stress (FE) for the dDAC1 data and plotted them in
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TABLE II. Equation of state parameters for ice phases in the NH3−H2O system.

ADH-DMA
Compound (BM EoS, this work) AMH-DIMA (BM EoS) [48] H2O (BM EoS) [50] NH3 (Vinet EoS) [51]

V0 (Å3/molecule) 23.96 ± 0.03 25.933 ± 0.027 21.12 ± 0.15 33.0 ± 0.8
B0 (GPa) 9.95 ± 0.14 12.166 ± 0.051 13.8 ± 0.2 7.10 ± 0.11

B
′

0 6.59 ± 0.03 5.3 ± 0 (fixed) 5.9 ± 0.1 5.97 ± 0.20

χ 2 0.23a 3.98

aThe goodness of the fit is represented by the weighted χ2 parameter.

a f-F plot [45,46]. A linear fit over the entire data set confirms
the refined B0 value and its large pressure derivative, B′

0 > 4
(Fig. S6) [43].

The dense x-ray diffraction data coverage in both static
and dynamic compression experiments performed here also
permit the derivation of the instantaneous bulk modulus by
numerical differentiation of the P−V compression curve,
B = −V dP

dV
, without resorting to an EoS. This parameter is

a very sensitive proxy for structural transitions as shown in a
recent dynamic compression study of pure H2O where the ice
VII, ice VII′, and ice X′ structural transitions could be identi-
fied by softening in the bulk modulus between 35 and 65 GPa
[47]. We thus adopted the method described by Méndez et al.

[47] and reduced our dense data set by considering data points
with ∼2 GPa pressure intervals while preserving the main
features of the dataset (Fig. S7 [43]). The pressure dependence
of the instantaneous bulk modulus calculated from five differ-
ent data sets is shown in Fig. 4(b). All data sets are in good
agreement with each other, further supporting the idea that
the pressure-dependent compressibility is independent of the
compression rate. Moreover, the instantaneous bulk modulus

FIG. 5. Comparison of the compression curves of DMA/DIMA
phases in the NH3−H2O system. Grey shadowed area outlined
by the grey dashed line indicates the error envelope in our
ADH-DMA experimental data. Experimentally obtained ADH-
DMA phase volumes do not match the calculated ADH-DMA
volume assuming ideal mixing between NH3 and H2O with 1:2
mixing ratio (ADH ideal).

shows an almost linear increase within the investigated pres-
sure range. The absence of softening and the smooth increase
on the pressure-dependent instantaneous bulk modulus thus
provide further support for the stability of the bcc structured
ADH-DMA phase up to 112 GPa, in contrast to the theoretical
predictions [33–35].

C. Comparison with other ice phases in the NH3−H2O system

Figure 5 compares the P-V data for ADH-DMA to
the available data of the DIMA phases formed in other
ammonia hydrates, AMH [32,48] and AHH [17,49], and
the end members H2O (ice VII) [50] and NH3 [51]. The
volume (per molecule) for DMA/DIMA phases with different
stoichiometric ratios of NH3 and H2O lie in between the two
end members, H2O and NH3, and gradually increases with the
NH3 content at constant pressure. However, we note that the
P-V curve calculated for an NH3 : 2H2O hydrate assuming
linear mixing in volume (ADH ideal) slightly deviates
from the experimental data for ADH-DMA. We ascribe the
departure from the ideal volume to the complexity of the
H-bonding network which prevents the arrangement of all
O(N)-H bonds along the same lattice plane [32]. Differences
between the experimental and calculated volumes decrease
as pressure increases, suggesting that ideal behavior may be
approached at high pressure. The bulk modulus B0 and its
pressure derivative B′

0 determined for ADH-DMA compare
well with those previously reported for other ice phases in
the NH3−H2O system (Table II), including AMH-DIMA
[48] and the end members H2O (ice VII) [50] and NH3 [51].
All phases display B′

0 values greater than 4, indicating rapid
densification of the material upon compression. The bulk
modulus B0 of ADH-DMA is closer to that of H2O ice VII
than NH3, consistent with its higher H2O content.

IV. CONCLUSION

We have investigated the compressional behavior of the
ADH-DMA phase up to 112 GPa by means of powder
x-ray diffraction coupled with static and dynamically com-
pressed diamond anvil cells. Le Bail refinements confirm
that all ADH reflections can be indexed based on the
bcc structure as proposed by previous low-pressure studies
(<10 GPa). Our detailed investigation thus confirms the sta-
bility of the bcc ADH-DMA phase up to 112 GPa and rules
out the occurrence of structural transitions, including towards
ionic structures, predicted by theory. The P-V compression
curves derived from static and dynamic compression exper-
iments are in excellent agreement within uncertainties. A
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joint fit to all P-V data sets by a third order BM EoS yields
the best-fit parameters: V0 = 23.96 ± 0.03 (Å3/molecule),
B0 = 9.95 ± 0.14 GPa, and B′

0 = 6.59 ± 0.03. The volume
(per molecule) of ADH-DMA is closer to that of H2O (ice
VII) than to NH3 over the entire compression range, consistent
with the higher H2O content of the hydrate, while the B0

and B′
0 values compare well with those reported for other

hydrogen-bonded phases. The instantaneous bulk modulus
derived for both static and dynamic compression runs are in
good agreement and display a smooth increase with pressure
which further supports the absence of structural transitions.
The lack of self-ionization upon compression in ADH-DMA
is in contrast with the behavior of other ammonia hydrates,
i.e., AMH and AHH, suggesting differences in the pressure

response of the hydrogen bonding network in low-ammonia
content hydrates.
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