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Abstract

The compression behavior and phase transitions of NH4Cl were investigated using x-ray diffraction. A clear
volume anomaly at 0.7-1.0 GPa confirmed the first-order nature of the phase Il-IV transition at 298 K. Low-
temperature x-ray diffraction measurements at ambient pressure revealed a slight hysteresis in this transition,
suggesting differences in the degree of order of the orientation of NH;* ion in the cooling and heating processes.
We first clarified that the crystal structure of phase V has antiferro-ordered orientation with tetragonal system,
and the structural analysis of phase V indicated that hydrogen bonding plays a key role in the alternately varied

N-Cl distances.



Introduction

The orientational order-disorder phase transition of ammonium halides caused by the
orientation of ammonium ions has long been a subject of interest. The characteristic heat capacity
anomaly, first observed in NH4Cl at 242-243 K by Simon in 19221, became the origin of the term "A-
transition" and subsequently served as a prototype for numerous studies on orientational order-
disorder transitions?. The behavior of ammonium halides under high pressure has also been
extensively studied since the early work of Bridgman?. These studies demonstrated that the order-
disorder phase transition observed at low temperatures and ambient pressure also occurs at high
pressures and room temperature. Moreover, the transition pressure systematically varies
depending on the type of anion. In recent years, the high-pressure behavior of ammonium halides
has been revisited in various contexts, such as their giant barocaloric effect?, their potential as
high-temperature superconductors® or hydrogen storage materials®, and their relevance as
structural analogs of ice’.

The orientational order of ammonium ions also contributes to the polymorphic diversity of
ammonium halides. Here we aim to clarify the nomenclature of NH4Cl polymorphs, since there has
been some confusion. Under ambient conditions at room temperature, NH4Cl adopts the CsCl-type
cubic structure (Pm3m), designated as phase Il or B phase (Figure 1). In phase Il, NH4* ions exhibit
static disorder. Above 458 K at ambient pressure, NHs* ions become dynamically disordered with
the NaCl-type cubic structure (Fm3m), forming a so-called plastic state, referred to as phase | or a
phase. Below 243 K at ambient pressure, NH,* ions adopt a ferro-ordered state, initially called
phase Il or the 8-phase (e.g., ¥ °). However, to maintain consistency with the nomenclature of
isostructural polymorphs in NH4l and NH4Br, the ferro-ordered phase has been increasingly
referred to as phase IV instead of phase Il in literature since the 1990s (e.g., > °). In this study, we
follow this convention and refer to this ferro-ordered phase as phase IV. Furthermore, it is known
that phase Il transitions to phase IV at approximately 1 GPa at room temperature?®. At pressures
above ~11 GPa, phase IV undergoes a transition to an antiferro-ordered phase V, as indicated by
Raman spectroscopy!? 12, The structure of phase V has been confirmed in NH4l by angle-dispersive
x-ray diffraction to be an antiferro-ordered phase!®; however, no diffraction-based structural
studies have been reported for NH4Cl to date. Notably, despite the apparent isostructurality of
phases Ill and V, as both exhibit antiferro-ordered NH,4* ions, they have historically been assigned
different names. In this study, we adhere to the conventional nomenclature* and refer to the high-
pressure phase of phase IV as phase V.

The phase transitions in ammonium halides are also of theoretical interest, particularly regarding
the order of the transition between phase Il and IV. For instance, Weiner and Garland* suggested
the existence of a second-order phase transition at 0.28 GPa and 267 K, whereas others have
reported that the transition remains first-order across all pressure ranges (e.g.,%). Some later
studies (e.g., '°) cited evidence for a tricritical phase transition at 0.16 GPa and 257 K; however,
experimental verification remains insufficient.

In this study, we conducted in-situ x-ray diffraction experiments on NH4Cl, varying temperature from 10 K

to 300 K at ambient pressure and applying pressures up to 15.1 GPa at 298 K. Our investigation focused



on the structural changes associated with the II-1V and IV-V transitions to elucidate their phase transition

mechanisms.
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Fig. 1 (a) Two possible orientations of NH4* ion in NH4Cl crystal structure. One orientation is schematically

depicted as a black square, while the other orientation is green. (b) Phase diagram of NH4Cl with schematic
images showing respective structures in terms of the orientation of NHs* ion as depicted in (a). The phase
boundary below 4 GPa is from ref.8 The broken lines show extrapolated from the previous study?® or estimated

phase boundaries from previous Raman spectroscopic studies!! 12 and from x-ray diffraction in this study (see

text in details).

Experimental methods

Sample preparation
Reagent-grade NH4Cl (>99.5% purity, Wako) was used in this study. To prepare a fine powder

sample for x-ray diffraction, it was ground inside a nitrogen-filled glovebox to prevent moisture

absorption. Additionally, grinding was performed on a heated hotplate to remove any residual

water.

Powder x-ray diffraction at high pressures
For high-pressure experiments, NaCl, a pressure marker to determine the applied pressure from

the diffraction pattern, was ground together with NH4Cl (weight ratio 4:1). The NH4Cl and NacCl
mixture was loaded in diamond anvil cells (DACs) with Daphne 7575 oil as a pressure-transmitting



medium (PTM). A pair of diamonds with a culet size of 600 um and with Boeler-Almax type conical
seats were used as anvils. A SUS301 stainless steel gasket with a hole diameter of 300 um was used.

The powder x-ray diffraction experiment was conducted at BL-18C in Photon Factory (PF), High
Energy Accelerator Research Organization (KEK), Japan. The x-ray beam (A = 0.6192 A) was
irradiated to the sample through the collimator with a diameter of 100 um. The diffraction patterns
were recorded using a flat panel detector (Rad-icon 2022 CMOS detector, Teledyne Rad-icon
Imaging Corporation) with an exposure time of 1 min. The obtained 2D patterns were converted
to 1D patterns by using IPAnalyzer & PDIndexer softwares!’. The wavelength of the incident x-ray,
the detector-sample distance, the orientation of the detector and the pixel size were calibrated
using the reference sample CeO,.

In the powder x-ray diffraction experiments, bellows were attached to the DAC to control the
load of the DAC by helium gas pressure, which was increased from 0.5 MPa to 2.5 MPa at the rate
of 0.01 MPa/min. The helium gas pressure was controlled by a pressure controller, Druck PACE5000
(GE). 200 diffraction patterns were recorded while pressurizing the DAC by the bellows, each
pattern corresponds to a load step of 0.01 MPa. Sample pressures were estimated from the unit
cell parameters of NaCl!*¥, which were obtained by the LeBail analyses using EXPGUI/GSAS

software?®.
Powder x-ray diffraction under low temperature

For low-temperature powder x-ray diffraction, the samples were loaded into DACs made of a
copper-beryllium alloy serving as sample holders without applying pressure. The temperature
was controlled using a 4K GM cryostat (MiniStat, Iwatani Co.) equipped with a temperature
control system (Model 335, Lakeshore). The temperature inside the cryostat was monitored by a
pre-calibrated silicon diode thermometer connected to the base frame of the DAC, while the
temperature difference between the silicon diode thermometer and the base frame of the DAC
was precisely monitored by the T-type thermocouple attached to the diamond plate of the DAC.
Every x-ray diffraction measurement was conducted after the temperature got steady, which was

approximately 15 min after changing set-points of temperature.

Powder x-ray diffraction for structural analysis of phase V

The reagent powder of ammonium chloride was finely ground on an alumina mortar in a glovebox,
and loaded into DACs with a small sphere of ruby. SUS301 stainless steel with a hole diameter of
0.2 mm was used as a gasket. High-pressure helium gas (180 MPa) was loaded into the sample
chamber as a PTM to maintain hydrostatic conditions?°. Further load was applied to the DAC using
a toque wrench, manually applying force by three screws.

The x-ray diffraction experiment was conducted at BL-18C, PF, KEK. The incident x-ray wavelength
was 0.6195 A. When the x-ray diffraction pattern at 15.4 GPa was obtained, the DAC was rotated

from 13 to 17 degrees to the incident X-ray beam. The diffraction patterns obtained at different



angles were averaged to reduce the effect of the preferred orientation and coarse crystals, and
also to observe higher 29. The obtained diffraction pattern was analyzed by the Rietveld method
using z-Rietveld software?!. The initial atomic coordinates of phase V of NH4Cl were derived from
phase V of NH41%3. The unit cell parameters, atomic positions and atomic displacement parameters

except for hydrogen, background coefficients, a scale factor, and profile function parameters were
refined in the Rietveld analysis.
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Fig. 2 (a) Color map of powder x-ray diffraction patterns of NH4Cl with NaCl (pressure marker) with increasing
pressure at 298 K. The color scale represents diffraction intensity, with blue indicating low intensity and red
indicating high intensity. (b) A representative result of Le-Bail analysis for the diffraction pattern obtained at 0
GPa. (c) Observed unit-cell volume obtained by the Le-Bail analyses with the fitting curve by a 3rd-order Birch-
Marnagham equation of state (3BM-EQS) for the whole observed pressure region. (d) Difference between the
observed unit-cell volume (Vobs) and the corresponding volume estimated from the 3BM-EOS (Veos). (e)
Observed unit-cell volume fitted with the 3BM-EOS for the pressure regions from 0 to 0.7 GPa (phase Il, orange),
and from 1.0 to 2.6 GPa (phase 1V, blue). The fitting curves are extrapolated, as shown in dotted lines. (f)
Differences between Vops and Veos estimated from the 3BM-EOS for phase Il (orange) and phase IV (blue). Open

circles depict the volume difference for the extrapolated pressure region.



Results and discussion

I1-1V phase transition by isothermal compression

To investigate the pressure-dependent change in the unit cell volume of NH4Cl at room
temperature, we collected a total of 200 powder diffraction patterns from 0 GPa to 2.6 GPa (Fig.
2a). The Le Bail fitting was performed on these diffraction patterns to determine the unit cell
volumes of NH4Cl and NaCl, the latter serving as a pressure marker (Fig. 2b).

At first glance, the pressure evolution of NH4Cl's unit cell volume appears continuous (Fig. 2c).
However, the deviation from the volume estimated by the third-order Birch-Murnaghan Equation
of State (hereafter abbreviated as 3BM-EQS), as described in the following equation,

5 2
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clearly indicating a local maximum at 0.7 GPa and a local minimum at 1.0 GPa as shown in Fig. 2d.

This result indicates that the phase transition from phase Il to phase IV begins at 0.7 GPa and
completes at 1.0 GPa through a coexistence region, beyond which phase IV is fully occupied. The
clear observation of a local maximum and minimum strongly suggests that this phase transition is
first order. If the transition were second-order or higher, a coexistence region would not be
expected, and the transition from phase Il to phase IV would occur instantaneously at a single
pressure point.

It is important to note that our experiments used Daphne 7575 as the PTM, which maintains
hydrostaticity up to approximately 4.8 GPa. Since the pressure range of interest (0.7-1.0 GPa) is
well below the solidification pressure of the medium, the pressure distribution in the sample
chamber can be considered highly homogeneous. This ensures that the observed anomalies at 0.7
GPa and 1.0 GPa are not artefacts caused by pressure gradients. These findings contradict the
previously reported claim that a tricritical point, marking the transition from a first-order to a
second-order phase transition, exists at 0.16 GPa and 257 K.

Assuming that only phase Il exists below 0.7 GPa and only phase IV exists above 1.0 GPa, we
performed separate 3BM-EQS fittings for each phase (Fig. 2e). The deviations of the observed
volumes from the fitted parameters were plotted in Fig. 2f. The bulk modulus (Ko), its pressure
derivative (Ko’), and the unit cell volume at 0 GPa (Vo) were determined as follows:

- Phase II: Ko = 18.05(11) GPa, Ko’ = 7.9(4), Vo = 58.152(2) A.

- Phase IV: Ko = 18.7(4) GPa, Ko’ = 6.8(3), Vo = 57.97(4) A3.

As shown in Fig. 2f, the volume change (AV) associated with the phase Il to IV transition was
determined to be 0.15 A3. To capture such a subtle volume change, it was necessary to collect a
large number of data points with very small temperature or pressure increments. This requirement
may have led to the phenomenon being overlooked in previous studies. In general, it is technically
challenging to vary only the temperature under high-pressure conditions. This is because any

change in temperature causes a corresponding change in the sample volume, which in turn alters



the pressure. In contrast, the present experiment was conducted under isothermal compression
conditions, allowing us to independently vary the pressure while maintaining the temperature at
room temperature. This capability was likely the key factor in successfully detecting the small

volume change associated with the phase transition.

I1-1V phase transition at ambient pressure

The results of x-ray diffraction patterns obtained at approximately 10 K intervals between 300 K
and 10 K under ambient pressure are shown in Fig. 3a. During the cooling process from 300 K to 10
K, a clear discontinuity in the unit cell volume is observed between 240 K and 250 K (Fig. 3b). This
volume change corresponds to the phase transition from phase Il to phase IV at 243 K and is
consistent with previous x-ray diffraction results?? (see also Figs 5 and 7 compiled in ref 2).

During the heating process from 10 K to 300 K, the unit cell volumes are almost identical to those
observed during cooling, except in the range of 240 K to 230 K, where slightly smaller values are
observed during the heating process. As shown in previous studies?, this provides evidence of first-
order phase transition associated with a slight hysteresis in the phase II-IV transition at ambient
pressure, indicating a difference in the degree of ordering between the cooling and heating
processes. In other words, during the cooling process, the disordered domains in the high-
temperature phase partially persist, whereas during the heating process, the ordered orientation
of the low-temperature phase remains.

To estimate the unit-cell volume of phase IV of NH4Cl at ambient pressure, the observed data

were fitted using the formula of thermal expansion shown below (Figure 3b).
T

Vro = Vo,oepr arodl
0

arg = mo+ neT, (2)
where, V5 isthe unit-cell volume at TKand 0 GPa, V, isthe unit-cell volume at 0 Kand 0 GPa,
and ar, is the thermal expansion coefficient at T K and 0 GPa. V,,, my and n, are fitted
parameters. The ny of phase Il was fixed to 0, given that the temperature dependence of the
thermal expansion coefficient ay g is constant within the narrow temperature range (250 K< T <
300 K). The results of the fitting are as follows:

-Phase Il: Vo =55.21(6) A3, m, =1.73(4) x 10*K™.
- Phase IV: Vyo =55.81(1) A3, m, =-1.7(4) x 10°K?,
ny = 8.8(3)x 107 K2
From the eq. (2) and fitted parameters, the unit-cell volume of phase IV extrapolated to 300 K is
57.8 A3, while the calculated unit-cell volume of phase Il at 300 K using the eq. (2) is 58.2 A3. These
values are well consistent with the unit-cell volume extrapolated from the 3BM-EOS (58.152(2) A3).
The volume difference between phase Il and IV at the phase transition temperature (243 K) is about
0.3 A3, which is nearly twice the volume difference observed at room temperature and high

pressure.



The unit cell volumes below 70 K were observed for the first time in this study. Thermal expansion
below 50 K was almost zero, or maybe slightly negative below 30 K, which is interesting in terms

of the comparison to the similar phenomena found in ice?3, but here we would not go into the
depth in this issue.
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Fig. 3 (a) Sequential stacking plots of powder x-ray diffraction patterns of NH4Cl, cooling from 300 K to 10 K and
subsequent heating up to 300 K with approximately 10 K steps. The right-hand plots show enlarged diffraction

patterns from 12.5° to 13.5°. (b) Temperature dependence of the unit-cell volume of NH4Cl. The inset shows the

enlarged plot around the phase II-1V transition.
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Fig. 4 (a) Sequential stacking plots of powder x-ray diffraction patterns of NH4Cl with increasing pressure at 298
K. The diffraction patterns are shifted such that they intersect the right-hand vertical axis at their measurement
pressure. (b) The result of Rietveld analysis for the diffraction pattern obtained at 15.1 GPa. The observed and
calculated intensities are subtracted by the fitted background intensities for clarity. (c) Observed unit-cell
volume of NH4Cl phase II, IV and V (divided by two for comparison to phase Il and V), and the fitting curve by a
3BM-EOS for phase IV. (d) Distances between N and Cl at elevated pressure in phase Il, IV and V. The N-CI
distances of phase Il and IV are derived from unit-cell parameters, whereas that of phase V is determined by
the Rietveld analysis. Only the data at 15.1 GPa are plotted for phase V, since other diffraction patterns have
limited 20 region up to 20° which is insufficient quality for the Rietveld analyses. The crystal structure depicted
in the upper right of the plot represents phase V of NH4Cl, where hydrogen-bonded N-Cl bonds are shown in
blue, and non-hydrogen-bonded N-ClI bonds are shown in red. The solid-lined parallelepiped in the crystal

structure represents the unit cell of phase V.



Crystal structure analysis of phase V and the unit-cell volume change of IV-V phase transition

For crystal structure determination of phase V, we used helium PTM since it is the only PTM
which can be used above 10 GPa at 298 K®. The obtained powder x-ray diffraction patterns clearly
indicate the peak splitting of 110 reflection of phase IV above 14 GPa (Fig 4a), associated with the
volume reduction (Fig. 4c), which would be attributed to the phase transition from phase IV to V.
The previous studies reported that the phase boundary between phase IV and V exists above 11
GPa'! or 12.9 GPa'?, based on Raman spectroscopy. The phase transition pressure observed in this
study is slightly higher than these previously reported values, which could be attributed to the
difference in hydrostatic conditions or the difference of spectroscopy and diffraction methods.

Because this phase transition involves the tetragonal distortion with the volume change, it is clearly
first-ordered phase transition. The Rietveld analysis for the diffraction pattern obtained at 15.1 GPa gives
reasonably fitted well using the initial structural parameters from the phase V of NH4I*3. The results of the
Rietveld analysis are summarized in Table 1. Note here that we could not determine hydrogen positions so
that their parameters were fixed to the values reported in 3. Although it is highly likely that the crystal
structure of phase V is identical to those of other ammonium halides, the hydrogen positions should be

confirmed by neutron diffraction in future.

Table 1 Structural parameters of NH4Cl phase V at 15.1 GPa and at 298 K from the Rietveld analysis.

Space group P4/nmm (#129, origin choice 1)
z 2
Unit cell parameters a=4.9587(3) A
c=3.4237(2) A
R factors R, =0.9676%

Rup = 1.3835%
Re = 4.7207%

§=3.2101

Atomic positions and isotropic atomic displacement parameters

Atom X y z U/ A2

N 0 0 0 0.0051(8)
H 0 0.159* 0.159* 0.038**
cl 0 0.5 0.4674(2) 0.0132(5)

*fixed to the reference value's.
**fixed to a typical value.



In NH4Cl, each CI” ion is coordinated by eight NH;* ions. In phases Il and IV, the cubic symmetry
ensures that all eight N-Cl distances are equivalent, and they can be calculated as v/3/2 of the
unit cell parameter, a (Fig. 4d). In contrast, in phase V, the symmetry lowers to tetragonal, resulting
in a separation into four shorter and four longer N-Cl distances. Given that the hydrogen positions
are correctly assigned, H atoms are located between the shorter N-Cl bonds but absent in the
longer ones. This suggests that the presence or absence of N-H...Cl hydrogen bonds contributes to
the variation in N-Cl distances. In phases Il and IV, at least in the average structure derived from
diffraction experiments, eight N-Cl| distances are symmetrically equivalent. However, on a local
scale, it is likely that N-Cl distances are shorter where hydrogen bonds are present. This kind of
local structure could be observed from neutron total scattering as is conducted for phase Il and 1V
of NH4Br?4. In phase V, the effect of N-H...Cl hydrogen bonding on N-Cl distances becomes apparent
even in the averaged crystal structure.

The obtained unit cell volumes of phase IV up to 14 GPa were fitted by 3BM-EOS (Fig. 4c), yielding
Ko = 18.7(4) GPa, Ko’ = 6.8(3), and Vo = 57.97(4) A3. The unit cell volume extrapolated to 15.1 GPa
using these parameters is 42.9 A3, while the observed unit cell volume of phase V divided by two
for comparison is 42.09 A3 (Table 1), so the volume difference between phase IV and V is 0.8 A3.
Since both phases IV and V are orientationally ordered states, there would be no configurational
entropy and probably a small vibrational entropy difference between them owing to the volume
difference. Considering the Clausius-Clapeyron slope dT/dP = AV/AS, the inclination of the phase
boundary between phase IV and V would be positive as shown in Figure 1. More detailed phase
relation between phase IV and V would leave open questions here, since we have not investigated
low- or high-temperature experiments under such high-pressure conditions, and also noteworthy
that the back transition from phase V to IV should be investigated for determining the accurate

phase transition boundaries.

Conclusions

We investigated the compression behavior of NH4Cl using x-ray diffraction under high-pressure
and low-temperature conditions. A discontinuity in the unit cell volume was observed at
approximately 0.7-1.0 GPa, indicating a first-order phase transition from phase Il to phase IV. Low-
temperature x-ray diffraction measurements further revealed a slight hysteresis in the phase IV
transition at ambient pressure, suggesting differences in NH;* ion ordering between cooling and
heating processes. Additionally, the structural analysis of phase V demonstrated that N-H...Cl
hydrogen bonding contributes to the anisotropic distortion of N-Cl distances. These findings
provide new insights into the phase transitions and hydrogen bonding behavior of NH4Cl under

extreme conditions.
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Notes

¥ However, if future research establishes that phases Ill and V are structurally and thermodynamically
identical, it may be more appropriate to unify their nomenclature.

§ We initially tested the compression without any PTMs, however, abnormal recrystallization
occurred and coarse crystals were grown, which hampered the precise structure analysis by
powder diffraction. The abnormal recrystallization could be caused by heterogeneous stress

concentrated around the grain boundary.
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