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Single crystals of (ND4)2MoO2F4 containing 95% deuterium were produced by repeated recrystallization
of (NH4)2MoO2F4 in heavy water. The effect of deuteration on the parameters of successive phase
transitions was investigated by differential scanning microcalorimetry and polarization optics. X-ray
analysis of the original and distorted phases was performed. It was found that deuteration does not
change the sequence of crystal phases typical for (NH4)2MoO2F4, but leads to a shift in the phase tran-
sition Cmcm / Pnma towards the tricritical point. The mechanism of phase transitions in (ND4)2MoO2F4
was associated with both the ordering and the displacement of atoms.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Oxygen-fluorine compounds are interesting because of the
possibility of obtaining piezoelectric, pyroelectric and ferroelectric
properties at room temperature in these crystals, caused by the
acentric quasioctahedron anionic group MeOxF6-x [1]. In addition,
one of the rapidly developing areas in this research field is related
to the search for possible disorder in the original structure of
orthorhombic oxyfluorides and the establishment of conditions for
the loss of stability as a result of order-disorder phase transitions
[2e6]. As a rule, the barocaloric effect appears at such significant
structural transformations, allowing us to consider these materials
as promising solid-state refrigerants [6,7].

Complex investigations have shown that, irrespective of the
cationic composition, the compounds Aþ

2Me6þO2F4 (A: K, Rb, NH4;
Me: W, Mo) are characterized by orthorhombic symmetry at room
temperature, with the Cmcm space group (Z ¼ 4) [4,5], and expe-
riencing two successive phase transitions: G0(Т1)/ G1(Т2)/ G2. In
spite of the slight difference in the ionic radii of W (0.60 Å) and Mo
(0.59 Å) atoms, replacement of the central atom leads to a signifi-
cant increase in the T1 and T2 temperatures, leading to the expan-
sion of the temperature range of stability of the G1 phase and an
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anomalously large value of the baric coefficient dТ1/dp for
(NH4)2MoO2F4 [2,3]. It is possible that these features are caused by
the different nature of structural transformations at T1; in the
tungsten compound, this is a transition to the ferroelastic phase,
while in the molybdenum compound, this is antiferroelectric.

A significant amount of the entropy change DS1/R [ ln 2 for
ammonium oxyfluorides Аþ

2Me6þO2F4 clearly shows the leading
role of ordering processes in themechanism of structural distortion
at T1. The cationic substitution Rb / NH4 causes a change in the
order of the phase transition from the first to the second, and a
significant decrease in entropy. However, the value of DS1 remains
characteristic for the order-disorder transformation (DS1/R z 3) in
Rb2MoO2F4. The most interesting aspect is the gradual substitution
of ammonium for rubidium in a solid solution system, (NH4)2-
xRbxMoO2F4 [8]. The antiferroelectric state below T1 remains up to
x¼ 1.8. With higher concentrations of Rb, there is a transition to the
ferroelastic phase P-1, as observed in (NH4)2WO2F4.

Partial or full ordering of the O and F ligands due to the for-
mation of hydrogen bonds at T1 is observed when Rb is substituted
with NH4, which changes the polarizability of ammonium, and in
turn leads to stronger physical properties in ammonium crystals
than in Rb2MoO2F4. Decreasing the DS1/R value in Rb2MoO2F4
compared with (NH4)2MoO2F4 shows the direct participation of
NH4 cations in the G0 / G1 transition and an indirect impact
(through octahedral anions) to the G1 / G2 transition [9].

The phase transition at T2 in Аþ
2Me6þO2F4 proceeds as a second

order transformation, regardless of the size of the cations Aþ and
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Fig. 1. Anomalous heat capacity of the crystal (ND4)2MoO2F4, measured by DSM in the
heating (1) and cooling (2) modes at a temperature rate dT/dt ¼ 8 K/min (a).
Dependence of the T1 phase transition temperature of a heating (1) and cooling (2) rate
(b).
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Me6þ. The proximity of entropy values DS2/R suggests that the
mechanism of the G1 / G2 transition is the same in different
compounds, namely the displacement type, and is not associated
with the presence or absence of an ammonium cation NH4 in the
structure [8].

On the one hand, deuteration has little effect on the transition
temperature observed in ferroelastic (NH4)2WO2F4, indicating the
absence of hydrogen bonds NeH/F(O) in the initial phase (sp. gr.
Cmcm). On the other hand, it leads to a significant increase in dТ2/
dp and thus a pinching out G1 phase and a significant decrease in
DS1/R entropy [10].

In this paper, in order to clarify the role of ammonium groups in
the mechanism and the nature of phase transitions in antiferro-
electric oxyfluoride (NH4)2MoO2F4, synthesis, searching for phase
transitions by optical and calorimetric methods and studies on the
structure of the deuterated crystal (ND4)2MoO2F4 were performed.

2. Synthesis of the samples

Synthesis of the deuterated compound (ND4)2MoO2F4 occurred
in three stages. At the first stage, (NH4)2MoO4 was prepared by
heating an NH4OH-solution (~100 ml) while slowly mixing in
molybdenum oxide (~20 g). Precipitation of the compound
(NH4)2MoO4 was followed by the gradual addition of 100 ml of
C2H5OH to the solution.

At the second stage, (NH4)3MoO3F3 received by adding
3HF þ 2NH4OH þ 2HF to the starting compound (NH4)2MoO4. The
resulting complex, (NH4)3MoO3F3, dissolved in hydrofluoric acid to
form protonated (NH4)2MoO2F4:

(NH4)3MoO3F3 þ HF ¼ (NH4)2MoO2F4 NH3 þ H2O

At the third stage, (NH4)2MoO2F4 (~4 g) was dissolved in heavy
water (99.9% D). The solution was placed in a desiccator with
phosphorus oxide P2O5 and was kept there until complete ab-
sorption of the water had occurred. Next, the compound
(ND4)2MoO2F4 was recrystallized several times in heavy water to
obtain the maximum possible degree of deuteration. As a result,
small single crystals of (ND4)2MoO2F4 were obtained, with a
deuteration ratio of 95% determined by comparing the integral of
the absorption lines (NMR 1H) of the proton and deuterated
compounds.

Our preliminary X-ray studies showed that the (ND4)2MoO2F4
crystals had orthorhombic symmetry (sp. gr. Cmcm) at room
temperature.

3. Initial studies

To obtain information about the presence of phase transitions,
their temperatures, the heat capacity and integrated energy pa-
rameters, the synthesized compound (ND4)2MoO2F4 was studied
by differential scanning microcalorimetry (DSM) and with a
polarizing microscope.

The main calorimetric experiments were performed in a wide
temperature range of 100e400 K in a helium atmosphere at a rate
of dT/dt ¼ 8 K/min upon heating and cooling. Heat capacity mea-
surements were made on several samples with mass of about 0.2 g.
Two reproducible anomalies were found on a temperature
dependence of the specific heat Cp(T) during thermal cycling.

Fig. 1 shows the temperature dependence of the excess heat
capacity DCp, associated with phase transitions. DCp is the differ-
ence between the total molar heat capacity Cp and the non-
anomalous lattice contribution Clatt. The peaks of DCp correspond
to phase transition temperatures T1 ¼ 275 ± 1 K, and T2 ¼ 201 ± 5 K
in heating mode. High-temperature transformation indicated the
first order phase transition with a temperature hysteresis
dT1 ¼ 3 K at a rate of temperature cycling equal to 8 K/min. To
determine the real hysteresis corresponding to quasi-static condi-
tions, the temperature T1 was determined depending on the rate of
heating and cooling, which was varied over a wide range of dT/
dt ¼ ± (2e16) K/min (Fig. 1b). Extrapolation of the experimental
dependence Ti(dT/dt)1/2 to quasi-equilibrium conditions (dT/
dt ¼ 0) leads to the following parameters: T1 ¼ 273.5 ± 1 K and
dT1 � 0. Temperature hysteresis defined this way showed that the
high temperature transitionwas the first order transformation very
close to the tricritical point.

The enthalpy changes DHi associated with phase transitions
were determined by integration of the DCp(T) functions. The cor-
responding values were strongly different: DH1 ¼ 2500 ± 250 J/mol
and DH2 ¼ 200 ± 20 J/mol, which indicates different types of
structural transformations.

In the next stage of the study, the stability of the initial phase
(sp. gr. Cmcm) was assessed by measuring the temperature
dependence of birefringence Dn(Т) using a Berek compensator
(Leica) on an Axioskop 40 polarizingmicroscopewith a Linkam LTSe
350 thermal camera. The samples of (ND4)2MoO2F4 were selected
as single crystal plates (010) with a thickness of h ¼ 70 ± 1 mm. This
choice of orientation of the samples was made since the crystals
grow with a good face (010); this provides the opportunity to use
the growth plate. The possible error in determining the absolute
value of birefringence was ±0.0002.

The results of the birefringence temperature dependence of
(ND4)2MoO2F4 crystals in conjunction with the protonated com-
pound obtained previously are shown in Fig. 2a [11]. One can see
that, at high temperatures, Dnb(Т) was linear for both compounds.
Birefringence in the deuterated sample varied continuously, almost
without any jump in Dnb(Т), which was very different from the
birefringence in the protonated compound, in which there was an
abrupt change in birefringence at temperatures Т1Y ¼ 267.2 K and
Т1[¼267.8 K and a rather large temperature hysteresis dТ1z 0.6 K.
This shows that the phase transition at T1 ¼ 275 K in (ND4)2MoO2F4
crystal acquires the features of the second order transformation. A
further decrease in temperature leads to a gradual rise in optical
anisotropy and to saturation of Dnb(T) close to T2 ¼ 180 K.

The temperature dependence of birefringence was linearly
extrapolated from the initial phase to the low-temperature area in
order to determine the anomalous part of birefringence dnb(T),



Fig. 2. The temperature dependence of the birefringence Dnb(T) for both
(NH4)2MoO2F4 (1) and (ND4)2MoO2F4 (2) (a). The temperature behavior of the
anomalous contribution of dnb(T) (b).

Table 2
Coordinates of atoms, equivalent thermal parameters Ueq and occupancies p of G0

phase (Cmcm), obtained from single crystal experiment.

Atom Wyck. x y z Biso p

Mo 4c 0.0150 (4) 0.10600 (4) 0.2334 (2) 2.40(3) 1/4
F1 16h 0.2268 (4) 0.11920 (18) 0.4351 (3) 3.69(5) 3/4
O1 16h 0.2268 (4) 0.11920 (18) 0.4351 (3) 3.69(5) 1/4
O2 4c 1/2 0.4878 (3) 1/4 3.37(9) 1
F2 4c 1/2 0.2542 (3) 3/4 4.8(1) 1
N1 4c 1/2 �0.0608 (5) 1/4 3.3(1) 1
N2 4c 1/2 0.2707 (5) 1/4 3.4(1) 1
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which is a deviation of Dnb(T) from the starting dependence at the
phase transition (Fig. 2b). Strong changes in the refractive indices of
both crystals were observed below T1. However, substitution of the
ammonium group (ND4) / (NH4) led to a ~10% decrease in
anomalous birefringence dnb(T) in (ND4)2MoO2F4.

According to a previous study [5], there is a partial ordering of
fluorine and oxygen ligands and complete ordering of ammonium
groups with the formation of hydrogen bonds NeH/F(O) at T1 in
(NH4)2MoO2F4 crystals. The polarizability of ammonium ions varies
due to the latter circumstance, which leads to strong anomalies in
birefringence. D / H substitution leads to a decrease in dnb(Т) in
(ND4)2MoO2F4 due to the increased connection NeD/F(O) and
reduced electronic polarizability of the (ND4) tetrahedral cation.

4. X-ray diffraction analysis

The data collection for the (ND4)2MoO2F4 single crystal was
performed using a Bruker SMART APEX II (Bruker AXS) diffractom-
eter with graphite-monochromated Mo-Ka radiation
(l ¼ 0.71073 Å) using the ue2q scan technique. Typical sample
handling methods and measurement conditions can be found
elsewhere [12].

All reflections were indexed to the orthorhombic unit cell (sp.gr.
Cmcm) with parameters close to the cell parameters of
(NH4)2MoO2F4 [5] and (ND4)2WO2F4 [4]. The absorption corrections
were applied using the SADABS program. The structure was solved
by direct methods using the SHELXS package and refined in the
anisotropic approach for non-hydrogen atoms using the SHELXL
program. During refinement, the Mo6þ ion was disordered over
four 16h Wyckoff positions. Owing to this, low values of R-factors
and a stable refinement process were achieved (Table 1). The co-
ordinates of the atoms and the thermal parameters are provided in
Table 1
Main parameters of single crystal experiment and crystal structure refinement of (ND4)2

Space group, Z Cmcm, 4

a (Å) 5.9630(8)
b (Å) 14.4743(18
c (Å) 7.1100(9)
V (Å3) 613.67(14)
rвыч (г/см3) 2.511
Mr 231.96
Measured reflections/Independent reflections/refined parameters 2957/498/3
Table 2. One can see that the initial phase (sp.gr. Cmcm) contains
one O2� and one F� ion which occupy one site with different
occupancy.

Thermal investigations into the structure of (ND4)2MoO2F4 were
performed using a D8 ADVANCE (Bruker) powder diffractometer
equipped with a VANTEC detector with an Ni filter and TTK-450
(ANTON PAAR) thermal attachment. The measurements were made
using Cu-Ka radiation. The powder diffraction method was used
since single crystal destruction at the phase transition led to several
domains which prevented good single crystal measurements. A
detailed description of the experimental set up can be found else-
where [13e15].

Three powder patterns with high exposure timewere measured
at T¼ 303, 233 and 133 K, and 18 additional patterns were collected
in the temperature range of 303e133 K with a 10 K step and lower
exposure time (Fig. 3) in order to plot the dependence of cell pa-
rameters on temperature.

The Rietveld refinement was performed by the TOPAS 4.2 pro-
gram [16]. Almost all peaks of the initial phase G0 at T¼ 303 K were
indexed by the orthorhombic unit cell (sp.gr. Cmcm). Small unin-
dexed peaks corresponding to small amounts of the impurity
(NH4)2MoO3F2 (~5.2(2)%), confirmed the relatively high degree of
purity of the deuterated compound. The refinement process was
stable and led to low R-factors (Table 3, Fig. 4). Main bond lengths
are in Table 4.

Low-temperature experiments performed in a wide tempera-
ture range (Fig. 3) showed the appearance of superstructure peaks
at T1 ¼ 270 K, which are forbidden for the space group Cmcm of the
G0 phase. All these additional peaks can be described by the
emergence of instability at (1, 0, 0) k15 e point (Y) of the Brillouin
zone of the G0 - Cmcm unit cell. Moreover, there were no main
peaks with splitting or broadening (Fig. 3), which indicates that the
symmetry of the distorted unit cell remained orthorhombic.

Analysis of the possible structural distortions associated with
the phase transition at T1 using the ISODISTORT program [17]
allowed us to choose a unit cell with new cell parameters: a' ¼ c,
b'¼ a; c'¼ b, with the origin shift on (1/4,1/4, 0). Here, the a', b', c' is
the basis of the new distorted unit cell of the G1 phase; a, b, c is the
basis of the initial phase G0 (sp.gr. Cmcm). ISODISTORT suggested
seven probable space groups: Pmma, Pnna, Pbcm, Pnnm, Pmmn,
Pbcn and Pnma, which can account for the superstructure peaks.
However, only Pmma and Pnma allowed us to index all
MoO2F4 in G0 phase.

Temperature (K) 296

Crystal size (mm) 0.2 � 0.2 � 0.1
) 2qmax (�) 29.62

Rint 0.0259
R1/wR2 [Fo > 4s(Fo)] 0.0334/0.0963
Goof 1.020
Drmax/Drmin (e/Å3) 0.868/�0.931

3 h, k, l - limits �8 � h � 8; �19 � k � 19; �9 � l � 9



Fig. 3. Powder patterns of (ND4)2MoO2F4 in the temperature range of 303e133 K.
Arrows show superstructure peaks appeared at T < 270 K.

Table 3
Main parameters of powder diffraction experiment and crystal structure refinement of (ND4)2MoO2F4 in G0, G1 phases. Possible space groups of G2 phase and cell
parameters.

Phase G0 G1 G2

Temperature, K 303 233 133
Space group Cmcm Pnma Pnma, P212121, Pmc21 or Pna21
a, Å 5.96051(12) 7.1258(2) 7.14843(16)
b, Å 14.4679(2) 5.91490(13) 5.86197(13)
c, Å 7.10667(15) 14.3030(3) 14.2285(3)
V, Å3 612.85(2) 603.69(2) 596.23(2)
2q interval, � 5e120 5e120 5e120
Rwp/Rp/RB, % 6.80/5.00/2.12 6.94/5.29/2.31 e

c2 2.088 2.134 e

Fig. 4. Difference Rietveld plot of G0 phase of (ND4)2MoO2F4. Inset shows crystal
structure.

Table 4
Main bond lengths d(MoeO/F) in G0, G1 phases.

G0 G1

Bond Length, Å Bond Length, Å

(MoeO2) � 1 1.731(6) (MoeO2) � 1 1.706(8)
(MoeF1/O1) � 4 1.889(3) (MoeF1/O1) � 2 1.745(6)
(MoeF3) � 1 1.978(6) (MoeF3) � 1 1.942(7)

(MoeF2) � 2 2.004(5)

Fig. 5. Difference Rietveld plot of G1 phase of (ND4)2MoO2F4. Inset shows crystal

E.V. Bogdanov et al. / Solid State Sciences 61 (2016) 155e160158
experimentally observed superstructure peaks. Regarding that of
symmetry, that of Pnma is higher than Pmma, so Pnmawas used to
refine the crystal structure of the G1 phase.
The crystal structure model of the G1 phase was generated using

the G0 phase, the ISODISTORT program and a critical irreducible
representation and order parameter Y2

�(h) of the phase transition
Cmcm / Pnma. The crystal structure refinement in the TOPAS 4.2
program was stable and led to low R-factors (Table 3, Fig. 5). The
coordinates of the atoms of the G1 phase are shown in Table 5.
Assignment of O and F ions were checked using bond lengths
(Table 4). For example, big bond lengths d(MoeF3)¼ 1.942(7) Å and
d(MoeF2) ¼ 2.004(5) Å mean that F3 and F2 are actually fluorine
ions, otherwise short d(MoeO2) and average d(MoeF1/O1) lengths
(Table 4) mean that O2 is oxygen ion and F1/O1 is a mix of F/O ions.

There were no additional superstructure peaks or main peak
splitting/broadening at T2 ¼ 200 K. Therefore, symmetry, orienta-
tion of the axis and cell parameters should not change at this phase
transition. However, the thermal dependence of cell parameters
and cell volume showed a fracture at T2, which corresponds to a
phase transition (Fig. 6) observed by calorimetric and optical ex-
periments. Therefore, the spacegroup should be changed at T2. The
irreducible representation GM associated with k ¼ (0,0,0) in the
Brillouin zone of the G0 phase drives this phase transition. Theo-
retical group analysis performed by the ISODISTORT program
revealed 17 possible space groups, of which only four, i.e. Pnma,
P212121, Pmc21 and Pna21, indexed all superstructure peaks in the
powder pattern and did not generate unobserved peaks. Further
reduction of the list of possible space groups was done after
obtaining strong evidence about the existence or absence of the
center of inversion in the G2 phase. These experiments are planned
in further.
structure.



Table 5
Coordinates of atoms, isotropic thermal parameters Biso and occupations p of G1

phase (Pnma), obtained from Rietveld refinement.

Atom Wyck. x y z Biso p

Mo 4c 0.71203 (18) 0.25 0.63949 (10) 2.85 (13) 1
F1 8d 0.5512 (8) 0.0300 (9) 0.6267 (3) 1.04 (17) 1/2
O1 8d 0.5512 (8) 0.0300 (9) 0.6267 (3) 1.04 (17) 1/2
F2 8d �0.0830 (7) 0.0183 (7) 0.6379 (3) 1.33 (16) 1
F3 4c 0.7694 (12) 0.25 0.5068 (5) 3.8 (2) 1
O2 4c 0.7254 (15) 0.25 0.7586 (5) 3.0 (3) 1
N1 4c 0.2719 (14) 0.25 0.1899 (4) 2.1 (3) 1
N2 4c 0.2099 (19) 0.25 0.5152 (8) 7.1 (5) 1

Fig. 6. Temperature dependence of cell volume (a) and cell parameters (b, c, d) of different phases.
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5. Discussion of the results

The high degree of deuteration did not effect on the sequence of
crystalline phase changes, which were observed in the initial
compound (NH4)2MoO2F4 [5]. However, there was a decrease in the
unit cell volume of the initial phase (~0.2%), which showed an in-
crease in the chemical pressure, and according to the phase Тeр
diagram of (NH4)2MoO2F4, which should lead to an increase in the
phase transition temperatures in (ND4)2MoO2F4 [3,6]. This effect
was reliably observed for the G0 / G1 phase transition; in accor-
dance with the DSM data and optical measurements, there was an
increase in T1 up to ~5e8 K. In addition, D/ H substitution caused
the displacement of the structural transformation towards the tri-
critical point, as evidenced by the lack of both dТ1 hysteresis and
dnb(T) jump in (ND4)2MoO2F4 compared to (NH4)2MoO2F4 [11]
(Fig. 2).
From a comparison of Tables 2 and 5 as well as Figs. 4 and 5, it is

evident that themain processes at the G0/G1 phase transition are
complete ordering of the Mo central atom and partial ordering of
F1/O1 ions. These two processes are related due to the fact that the
movement of the central atom is caused by the need to ensure the
shortest MoeO distance. However, slight displacement of the ions
takes place in addition to ordering.

Only complete ordering of the central atom should be accom-
panied by an R ln 4 entropy change. However, the experimentally
measured entropy of the G0 / G1 phase transition obtained from
DSM appeared to be less that DS1 z 9.2 J/mol K z 1.1 R z R ln 3.
Regarding the DSM method, on the one hand, it is characterized by
low sensitivity to relatively small changes in the anomalous heat
capacity over a wide temperature range but, on the other hand, it
does not reveal the contribution of latent heat. It is expected that
the actual change in the entropy value at T1 was higher. This situ-
ation has been observed many times, particularly in the study of
(ND4)2WO2F4 [10].

Based on the temperature dependence of the lattice parameters,
it can be seen that the phase transition at T2 is a structural trans-
formation that is accompanied by a slight change in the unit cell
volume. All the atoms in the unit cell are displaced in different
directions as a result of this transition. Unfortunately, since the
compound (ND4)2MoO2F4 could not be obtained as a bulk single
crystal to perform searching for second harmonic generation, the
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question about the presence of an inversion center in the G2 phase
is still open. Therefore, it is difficult to consider the particular model
of atomic displacements at T2.

Calorimetric, X-ray and optical data analysis demonstrated the
strong possibility of saving the antiferroelectric state in the dis-
torted G1 phase of (ND4)2MoO2F4, which was energetically more
favorable, as particularly shown in the study of solid solutions
(NH4)2W1exMoxO2F4 [18]. The ferroelectric polar state in the dis-
torted low temperature G2 phase was also not excluded.

6. Conclusion

The highlights of the deuteration effect on (NH4)2MoO2F4 are as
follows:

1. A molybdenum oxyfluoride appeared to be more susceptible to
the replacement of protons by deuterons in comparison with a
related tungsten oxyfluoride, as evidenced by a higher degree of
deuteration (95% versus 85%) for the same number of re-
crystallizations in heavy water.

2. The D/H substitution did not lead to significant changes in the
stability ranges of the initial and distorted phases, but caused a
marked approximation of the phase transition at T1 to the tri-
critical point.

3. The mechanism of phase transitions in (ND4)2MoO2F4 were
associated with both ordering processes and displacement of
the central atom as well as partial ordering of some F/O atoms.
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