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ABSTRACT: A fully ordered noncentrosymmetric barium molybde-
num oxyfluoride, α-BaMoO2F4, has been synthesized by a hydrothermal
reaction at 200 °C in a concentrated hydrofluoric acid solution. A
centrosymmetric polymorph with O/F disorder, β-BaMoO2F4, has been
obtained in several minutes when the reaction mixture was stirred at
room temperature in the same medium. Interestingly, we found that the
metastable β-BaMoO2F4 transforms into the thermodynamically stable
α-BaMoO2F4 in an ambient condition. More detailed kinetic studies
using powder X-ray diffraction indicate that the MoO2F4 octahedra in
the kinetic phase, β-BaMoO2F4, rearrange through the constant
dissolution/precipitation process to find a more stable orientation and
form the fully ordered α-BaMoO2F4. Density functional theory (DFT)
calculations suggest that the formation of the thermodynamically stable
α-BaMoO2F4 is driven by the strong Mo−O π-interactions induced by Ba2+ cations. The new finding on the understanding of the
kinetics of solid-state reactions suggests a novel way toward an effective discovery of functional materials with asymmetric structures.

■ INTRODUCTION
Synthetic chemists have continuously combined most elements
in the periodic table to discover new compounds with
interesting structures and properties through carefully designed
methods. In general, the majority of the isolated reaction
products under normal reaction conditions often turn out to be
thermodynamically stable phases. However, quite a lot of
unidentified metastable phases with potentially exciting
characteristics exist in local energy minima throughout the
synthetic reactions. Therefore, carefully controlled reaction
conditions might lead us to the discovery of exciting kinetic
polymorphs with unexpected structures and properties. Several
comparison studies on the reactivity and stability for a number
of phase transition reactions for polymorphs have been
reported to date.1−12 However, efforts to elucidate the
underlying reaction mechanisms related to symmetry have
rarely been put in to design functional materials more
efficiently.
Among many functional compounds, metal oxyfluorides

with d0 transition-metal cations have been of great interest
because the fluorination of metal oxides can give significant
structural and property variations.13−16 Frameworks of many
metal oxyfluorides are composed of a variety of distorted
polyhedral units. In fact, combining the asymmetric units
during the synthesis would be highly advantageous toward the
crystallization of macroscopic noncentrosymmetric (NCS)
structures that may exhibit excellent nonlinear optical
(NLO) properties in a wide energy range.17−27 Especially,
the second-order Jahn−Teller (SOJT) distortive cation, Mo6+,

has been identified as one of the strongest distorters.28,29 Thus,
molybdenum oxyfluorides have been expected to exhibit
diverse asymmetric structural features.30,31 A few representa-
tive molybdenum oxyfluorides include peculiar helical chains
containing periodical tendril perversion [A2MoO2F3 (A = Rb,
NH4, and Tl)],32 perovskites exhibiting unique features of
atomic ordering and octahedral tilting [Na2MoO2F4 and α-
A3MoO3F3 (A = K and Rb)],33,34 luminescence materials with
high thermal stability [CsMoO2F3, K3MoOF7, and K2MoO2F4·
H2O],

35−37 and large birefringence materials [K6Mo4O8F10
and Na3Cs(MoO2F4)2].

38,39 It should be noted that most of
the reported molybdenum oxyfluorides include monovalent
cations. Here, we introduced divalent cations to a metal
oxyfluoride system to more effectively control the symmetry of
crystal structures. Specifically, we wanted to study the effect of
larger Coulombic interactions between divalent cations and
oxides/fluorides on the alignment of MoOxF6−x units as well as
macroscopic centricity. By doing so, we were able to synthesize
three isostructural NCS compounds, SrMoO2F4, α-BaMoO2F4,
and PbMoO2F4, and one centrosymmetric (CS) compound, β-
BaMoO2F4. Interestingly, we found that β-BaMoO2F4 can be
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transformed into α-BaMoO2F4 under mild reaction conditions.
In this paper, we propose a plausible mechanism for the phase
transformation reaction through detailed kinetic analyses using
lab-source powder X-ray diffraction (PXRD). Furthermore, the
driving force of the formation of α-BaMoO2F4 is discussed
using the crystal structure analysis and density functional
theory (DFT) calculations. We believe that the new findings
on the formation of more stable α-BaMoO2F4 and elucidating
a detailed mechanism for the solid-state reaction should
suggest a new direction toward the discovery of materials with
asymmetric structures more systematically.

■ RESULTS AND DISCUSSION
Pure colorless crystals of α-BaMoO2F4 have been grown via a
hydrothermal reaction in 62% yield using BaMoO4 and HF
solution at 200 °C for 72 h. α-BaMoO2F4 crystallizes in a polar
orthorhombic space group, Pca21 (no. 29), and features a
molecular structure that is composed of two crystallo-
graphically independent Ba2+ cations and MoO2F4

2− octahedra
(Figure 1a and Table S1). Because all oxides and fluorides in

MoO2F4
2− octahedra are fully ordered, two short Mo−O

bonds [1.673(13)−1.781(11) Å] and four long Mo−F bonds
[1.864(9)−2.113(9) Å] are clearly observed. If we assume a
MoO2F4

2− octahedron as a huge single anion, the structure of
α-BaMoO2F4 can be considered as a distorted CsCl-type
structure, in which the Ba2+ cation is surrounded by eight
MoO2F4

2− in corners of a cube (Figure 1a). Ba2+ cations
interact with F− and O2− anions with Ba−F and Ba−O contact
distances of 2.589(8)−2.971(11) and 2.772(12)−3.280(13) Å,
respectively (Table S3). Interestingly, it should be noted that
Ba−F distances are shorter than those of Ba−O. Besides, Ba2+

cations prefer to interact with F− anions rather than O2−

anions: while both Ba(1) and Ba(2) interact with seven F−

anions, only three and two O2− anions contact with Ba(1)2+

and Ba(2)2+ cations, respectively. Thus, the distorted MoO2F4
octahedra are arranged in a tilted manner to optimize the Ba−
F and Ba−O interactions. Bond valence sum calculations on α-
BaMoO2F4 result in values of 2.12−2.20, 5.74−6.00, 1.66−
2.02, and 0.98−1.08 for Ba, Mo, O, and F, respectively.40 To
compare a variety of physicochemical properties, crystals of
two other isostructural divalent metal molybdenum oxy-
fluorides, SrMoO2F4 and PbMoO2F4, have also been grown
through similar hydrothermal reactions (Supporting Informa-
tion).
A stoichiometrically equivalent metastable polymorph, β-

BaMoO2F4, has also been prepared by adding BaF2 to a
solution of MoO3−HF. Once the reaction mixture was
thoroughly stirred, pure polycrystalline samples of β-
BaMoO2F4 were synthesized in 76% yield in 5 min at room
temperature. The crystal structure determined using PXRD
indicates that β-BaMoO2F4 crystallizing in the centrosym-
metric space group, Cmcm, exhibits a molecular structure
composed of Ba2+ cations and MoO2F4

2− octahedra. The
cationic distortion of MoO2F4 octahedra containing the O/F
disorder in β-BaMoO2F4, however, occurs along a corner (local
C4 direction), which results in one short Mo−O [1.696(10) Å]
bond, four intermediate Mo−O/F [1.876(4) Å] bonds, and
one long Mo−F [2.187(7) Å] bond (Figure 1b). It should be
noted that the O(2)/F(2) positions are statistically disordered
with a 0.25/0.75 ratio, which might occur because of the fast
crystallization time. Attributable to the O/F disorder, the
preferred Ba−F interactions over Ba−O interactions found in
α-BaMoO2F4 are not observed in β-BaMoO2F4. More
importantly, the parallel array of Ba2+ cations along the c-axis
originating from the lack of the favorable Ba−F interactions
have β-BaMoO2F4 to crystallize in the CS space group. Bond
valence sum calculations on β-BaMoO2F4 result in values of
2.12, 5.70, 1.87, 1.25, and 1.04 for Ba2+, Mo6+, O2−, (O2−/F−),
and F−, respectively.40

The infrared (IR) spectra of the reported compounds reveal
Mo−O and Mo−F vibrations at ca. 966−897 and 579−400
cm−1, respectively (Figure S6).39,41−43 Although the IR spectra
of α- and β-BaMoO2F4 are very similar, two bands occurring at
ca. 500−600 cm−1 due to Mo−F vibrations of α-BaMoO2F4
merged to form a broad single band for β-BaMoO2F4
attributable to the O/F disorder. Band gaps of SrMoO2F4, α-
BaMoO2F4, β-BaMoO2F4, and PbMoO2F4 are estimated to be
ca. 3.42, 3.30, 3.40, and 3.20 eV, respectively, and the values
are obtained by converting wavelengths in the ultraviolet−
visible (UV−vis) diffuse reflectance spectra using the
Kubelka−Munk function (Figure S7).44 The band gaps of
the isostructural compounds decrease as the polarizability of
valence electrons in divalent cations increases. Structures of
SrMoO2F4, α-BaMoO2F4, β-BaMoO2F4, and PbMoO2F4 are
thermally stable at ca. 430, 310, 300, and 380 °C, respectively.
Upon further heating, the materials thermally decompose to
the corresponding divalent metal molybdenum oxides and
(oxy)fluorides (Figures S8 and S9).
Powder second-harmonic generation (SHG) measurements

on the graded polycrystalline samples indicate that SrMoO2F4,
α-BaMoO2F4, and PbMoO2F4 exhibit mild SHG efficiencies
1.1, 0.7, and 0.5 times that of α-SiO2 (45−63 μm),
respectively, and phase-matching behaviors (Figure 2a). To
understand the structural origin of the SHG, moments arising

Figure 1. Ball-and-stick model of (a) α-BaMoO2F4 and (b) β-
BaMoO2F4 (orange, Ba; blue, Mo; red, O; green, F; yellow, O/F).
While the MoO2F4 octahedra in fully ordered α-BaMoO2F4 exhibit
two short Mo−O and four long Mo−F bonds, those in disordered β-
BaMoO2F4 exhibit, along a corner, one short Mo−O bond, four
intermediate Mo−O/F bonds, and one long Mo−F bond (local C4
direction). s, l, and i represent short, long, and intermediate,
respectively. If MoO2F4

2− octahedra are assumed to be huge anions,
the structures of both α-BaMoO2F4 and β-BaMoO2F4 can be
considered as a distorted CsCl-type structure.
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from the distorted MoO2F4 octahedra in α-BaMoO2F4 were
analyzed. As seen in Figure 2b, while polarizations from
Mo(1)O2F4 octahedra point toward the approximate [101̅]
and [1̅01̅] directions, moments from Mo(2)O2F4 units direct
to the approximate [101] and [1̅01] directions. Although a net
moment occurs along the [1̅00] direction attributed to the
different degree of MoO2F4 octahedral distortions, the
antiparallel alignment of Mo(1)O2F4 and Mo(2)O2F4
octahedra is responsible for the mild SHG for the reported
compounds. Local dipole moment calculations suggest that the
dipole moments of distortive MoO2F4 octahedra range from
4.8 to 5.7 D (Table S7).
Crystals of SrMoO2F4 and α-BaMoO2F4 turn out to emit

yellow and orange luminescence, respectively, upon irradiation
with a UV lamp (Figure S10a). Photoluminescence (PL)
spectra measured under 350 nm radiations indicate that
SrMoO2F4 and α-BaMoO2F4 exhibit broad emissions with a
full width at half-maximum of ca. 100 nm centered at 594 and
610 nm, respectively (Figure S10b). The PL excitation and
emission bands could be assigned to LMCT and MLCT,
respectively, because no d electron is available in Mo6+ cations
from the reported compounds. PL decay curves fitted based on
the third-order exponential equation45,46 reveal that the
calculated average lifetimes (τavg) for SrMoO2F4 and α-
BaMoO2F4 are 544 and 336 μs, respectively (Figure S10c).
Similar to those of the previously reported materials with
WO2F4 octahedra,47,48 the observed luminescence on
SrMoO2F4 and α-BaMoO2F4 might be attributed to the
distorted MoO2F4 octahedra stabilizing the self-trapped
exciton energy level by generating polarization. The PLQYs
for SrMoO2F4 and α-BaMoO2F4 are measured to be ca. 2 and
5%, respectively.

To better understand electronic structures and optical
properties of the title compounds, density functional theory
(DFT) calculations were performed. The calculated band gaps
for SrMoO2F4, α-BaMoO2F4, β-BaMoO2F4, and PbMoO2F4
are 3.53, 3.46, 3.51, and 3.50 eV, respectively (Figure S11); the
values are slightly overestimated because the spin−orbit
couplings have not been considered during the DFT
calculations.49−51 While the valence band maximum (VBM)
mostly consists of 2p orbitals of O and F, the conduction band
minimum (CBM) is mainly composed of 4d orbitals of Mo
and 2p orbitals of O and F (Figure S12). Therefore, band
edges mainly comprise MoO2F4 units. For PbMoO2F4,
however, Pb 2p orbitals make a nonnegligible contribution
to the CBM attributable to the larger electron density. DFT
calculations also support that MoO2F4 octahedra are
responsible for the observed SHG properties in the reported
compounds.
Thus far, a variety of metal oxyfluorides have been

synthesized under mild reaction conditions.47,52,53 Thus, an
optimal synthesis condition for α-BaMoO2F4 at room
temperature has been further investigated. Various synthetic
attempts by mixing the MoO3−HF solution and BaF2
suspension at room temperature always resulted in the
formation of polycrystalline β-BaMoO2F4 in 5 min, which
was identified by PXRD. Surprisingly, however, we found that
β-BaMoO2F4 transforms into α-BaMoO2F4 if the reaction time
increases to 180 min in the HF solution at room temperature
(Figure 3a). As seen in Figure 3a, while the (200), (020), and
(212) peaks for β-BaMoO2F4 decrease, the (012), (410),
(212), and (203) peaks for α-BaMoO2F4 increase in the
reaction medium. Therefore, a more detailed kinetic study on
the transformation reaction from β-BaMoO2F4 to α-
BaMoO2F4 has been performed using PXRD. The extent of
reaction over time has been analyzed by monitoring the change
of mol % of β-BaMoO2F4 through the whole pattern-matching
method. As seen in Figure 3b, the phase transformation is well-
fitted to the Avrami equation.54,55 To better understand the
phase change, reactions between β-BaMoO2F4 and HF
solution at different temperatures have been further inves-
tigated. The quantitative kinetic data obtained at different
temperatures are also well-fitted to the Avrami expression
(Figure 4a,b and Table S3).
An exponent value (n) for the Avrami equation of ca. 4

suggests that the phase transformation reaction occurs three-
dimensionally. The activation energy (EA) obtained from the
Arrhenius equation is estimated to be 152 kJ/mol (Figure
S13a). Using the Eyring equation,56 the activation enthalpy
(ΔH‡) and entropy (ΔS‡) are also calculated to be 149 kJ/mol
and 143 J/(mol K), respectively (Figure S13b). The positive
value of ΔS‡ indicates that the rate-determining step for the
phase change reaction is the dissolution step. Because the yield
of β-BaMoO2F4 is 76%, about 24% of Ba2+ and MoO2F4

2− are
thought to be dissolved in the solvent. Thus, the proposed
transformation mechanism can be described in the following
three steps (Figure 5). First, a rapid crystallization leads the
MoO2F4 octahedra to locate in thermodynamically unstable
positions and to crystallize in β-BaMoO2F4 with the O/F
disorder. Second, the reversible reaction of dissolution/
precipitation makes the MoO2F4 units find thermodynamically
more stable positions and orientations, which results in the
formation of fully ordered α-BaMoO2F4 crystal seeds. Third,
the newly formed nuclei of α-BaMoO2F4 crystals further

Figure 2. (a) SHG intensity versus particle size for AMoO2F4 (A = Sr,
Ba, and Pb) and α-SiO2. The curves are drawn to guide the eyes. (b)
Polarizations from Mo(1)O2F4 octahedra point toward the approx-
imate [101̅] and [1̅01̅] directions, and moments from Mo(2)O2F4
units direct to the approximate [101] and [1̅01] directions. Thus, a
weak net moment occurs along the [1̅00] direction attributed to the
different degree of MoO2F4 octahedral distortions.
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provide thermodynamically more stable positions, and the
proportion of α-BaMoO2F4 increases over time.
A question remains why the CS β-BaMoO2F4 with the O/F

disorder changes to NCS polar α-BaMoO2F4 under such a
mild condition? In fact, β-BaMoO2F4 does not simply
transform into α-BaMoO2F4 upon heating in the solid state.
To understand the chemical stability, the phase transition
temperature of β-BaMoO2F4 to α-BaMoO2F4 has been
calculated. While the enthalpy change (ΔH) can be obtained
from the DFT calculations, the entropy change (ΔS) may be
estimated from the Boltzmann equation.57−59 Since β-
BaMoO2F4 has a disordered structure, the total energy of β-
BaMoO2F4 has been averaged across 28 possible config-
urations in the unit cell. Using the relation ΔH = ΔE − PΔV,
ΔH is calculated to be −10.14 kJ/mol.
Because α-BaMoO2F4 and β-BaMoO2F4 are stoichiometri-

cally equivalent, the configurational entropy may make a major
contribution to the entropy change. Substituting the number of
configurations, namely, 1 for α-BaMoO2F4 and 4NA (NA =
Avogadro’s number) for β-BaMoO2F4, into the Boltzmann
equation, ΔS is estimated to be −11.53 J/(mol K).
Considering that the Gibbs free energy does not change at
the phase transition temperature (ΔG = ΔH − TΔS = 0), the
phase transition temperature is calculated to be 606 °C, which
is much higher than the material’s decomposition temperature.
Therefore, α-BaMoO2F4 should be an enthalpy-driven
thermodynamically stable phase. To confirm this, it would be

necessary to explain why the oxides and fluorides in MoO2F4
2−

octahedra are ordered in α-BaMoO2F4 because the O/F
ordering is uncommon in solid-state materials owing to their
similar ionic radii and chemical properties. As mentioned
previously, the larger Coulombic interactions between divalent
cations and oxides/fluorides would affect the alignment of
MoO2F4

2− octahedra. Because of the off-centering distortions
caused by strong π-interactions between Mo−O (primary
distortion) bonds, the negative charges of anions differ from
the formal charges. Thus, the distribution of negative charges
was estimated from the bond valence method (Table S9).60

The partial charges in MoO2F4
2− for α-BaMoO2F4 are

estimated to be 0.11−0.59 for oxides, 0.14−0.38 for fluorides
at the cis-position to oxides, and 0.45−0.56 for fluorides at the
trans-position to oxides. Thus, the two cis-F atoms at the trans-
position to oxides are more negatively charged, which makes
the MoO2F4

2− unit preferentially interact with Ba2+ in the cis-
direction. If cis-fluorides at the trans-position of oxides are
fixed, the rotational freedom should be removed, and the O/F
ordering is achieved in α-BaMoO2F4. Most of the O/F
ordering is also achieved by hydrogen bonds.61,62 Even a
monovalent metal cation with a radius similar to that of Ba2+

cannot lead to the O/F disorder.63−65 Thus, the stronger
Coulomb interactions by the higher charged divalent cations
should cause the O/F ordering.
To determine the origin of the enthalpy-driven stability of α-

BaMoO2F4, densities of states (DOSs) for both compounds
have also been thoroughly analyzed (Figure 6a). We found that
O 2p orbitals mainly contribute to the valence band maximum
(VBM) for α-BaMoO2F4, whereas F 2p orbitals contribute
more to the VBM for β-BaMoO2F4. As discussed before, more
F− anions interact with Ba2+ than O2− anions do in α-
BaMoO2F4. Considering that the HOMO of d0 transition-

Figure 3. (a) Three-dimensional stack plot of XRD data collected for
the change of β-BaMoO2F4 to α-BaMoO2F4 in the HF solution at
room temperature. While the (200), (020), and (212) peaks for β-
BaMoO2F4 decrease, the (012), (410), (212), and (203) peaks for α-
BaMoO2F4 occur in the reaction medium. (b) Extent of reaction over
time analyzed by monitoring the change of mol % of β-BaMoO2F4
through the whole pattern-matching method is well-fitted by the
Avrami equation (red line). The inset shows the Sharp−Hancock plot
for the reaction.

Figure 4. (a) Changes in mol % of β-BaMoO2F4 in the product
during the transformation reactions and (b) Sharp−Hancock plots at
different temperatures. The results were fitted by the Avrami
equation.
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metal cations in the octahedral coordination environment
mainly consists of ligand 2p orbitals, the molecular orbital
(MO) diagrams can be drawn as shown in Figure 6b. As the
DOS and MO diagrams indicate, π-interactions between Mo
and O become stronger, while those between Mo and F
become weaker in α-BaMoO2F4. The F− anions exhibiting
weaker π-interactions with Mo, however, are stabilized by

interactions with Ba2+ cations. On the other hand, in β-
BaMoO2F4, π-interactions between Mo and O are rather
disturbed because the existing O/F disorder forces O to
interact with Ba as well (Figure 6c). Therefore, the large
enthalpy difference between α-BaMoO2F4 and β-BaMoO2F4
comes from the degree of Mo−O π-interactions that are
strengthened with the help of Ba2+ cations. Also, the

Figure 5. Proposed mechanism for the transformation of metastable β-BaMoO2F4 into thermodynamically stable α-BaMoO2F4. A rapid
crystallization leads the MoO2F4 octahedra to locate in unstable positions and to crystallize in β-BaMoO2F4 with the O/F disorder. The reversible
dissolution/precipitation reaction makes the MoO2F4 units find thermodynamically more stable positions and orientations. The newly formed fully
ordered nuclei of α-BaMoO2F4 crystals grow over time.

Figure 6. (a) Densities of states (DOSs), (b) molecular orbital (MO) diagrams, and (c) schematic π-interactions for α-BaMoO2F4 and β-
BaMoO2F4. While O 2p orbitals mainly contribute to the valence band maximum (VBM) for α-BaMoO2F4, F 2p orbitals contribute more to the
VBM for β-BaMoO2F4. More F− anions interact with Ba2+ than O2− anions do in α-BaMoO2F4. Thus, π-interactions between Mo and O become
stronger, while those between Mo and F become weaker in α-BaMoO2F4. The F

− anions exhibiting weaker π-interactions with Mo are stabilized by
interactions with Ba2+ cations in α-BaMoO2F4. In β-BaMoO2F4, π-interactions between Mo and O are rather disturbed because the existing O/F
disorder forces O to interact with Ba.
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macroscopic polar NCS crystallization through the alignment
of MoO2F4 octahedra might be the result of the optimized Ba−
F interactions.

■ CONCLUSIONS
A series of NCS polar divalent metal molybdenum oxy-
fluorides, AMoO2F4 (A = Sr, Ba, and Pb), have been
synthesized via hydrothermal reactions in high yields. The
molecular compounds exhibit distorted CsCl-type structures
consisting of A2+ cations and large distorted MoO2F4

2−

octahedra with a complete O/F ordering. A fast crystallization
from the reaction between BaF2 and MoO3−HF solution at
room temperature, however, results in a stoichiometrically
equivalent metastable CS polymorph, β-BaMoO2F4, with the
O/F disorder. IR spectra confirm that while α-BaMoO2F4
exhibits two distinct Mo−O and Mo−F vibrations at ca. 500−
600 cm−1, β-BaMoO2F4 with the O/F disorder exhibits a broad
merged band in the region. The band gaps of the reported
series compounds decrease as the polarizability of valence
electrons in divalent cations increases. The title compounds
with NCS structures show SHG efficiencies similar to that of
α-SiO2 because of the antiparallel alignment of the constituting
distorted MoO2F4 octahedra. Crystals of SrMoO2F4 and α-
BaMoO2F4 emit yellow and orange luminescence, respectively,
upon irradiation with a UV lamp. A detailed kinetic study using
PXRD indicates that β-BaMoO2F4 transforms into α-
BaMoO2F4 three-dimensionally. The MoO2F4 octahedra
located in unstable locations in the metastable β-BaMoO2F4
find thermodynamically more stable positions and orientations
through the dissolution/precipitation process and form fully
ordered α-BaMoO2F4 crystals. Calculations indicate that NCS
α-BaMoO2F4 is an enthalpy-driven thermodynamically stable
phase originating from the degree of Mo−O π-interactions
influenced by Ba2+ cations. The study on a series of divalent
metal molybdenum oxyfluorides provides new ways toward
discovering novel functional metastable materials more
systematically.

■ MATERIALS AND METHODS
Caution: The HF solution is highly corrosive! Proper protective equipment
is essential for safety.
Materials. SrF2 (Sigma-Aldrich, 99%), BaCO3 (Daejung, 99.0%),

BaF2 (Kokusan, 98%), PbF2 (Sigma-Aldrich, 99%), MoO3 (Alfa
Aesar, 99.5%), and HF (J. T. Baker, 48−51 wt % aq. solution) were
used as received. BaMoO4 was synthesized by a solid-state reaction.
Stoichiometric amounts of BaCO3 and MoO3 were mixed and heated
to 600 °C for 12 h.
Syntheses of AMoO2F4 (A = Sr, Ba, and Pb). Crystals of

SrMoO2F4, α-BaMoO2F4, and PbMoO2F4 were grown by the
hydrothermal method. First, 5 mmol (0.628 g) of SrF2, 5 mmol
(0.720 g) of MoO3, and 0.8 mL of HF for SrMoO2F4; 1 mmol (0.297
g) of BaMoO4 and 1 mL of HF for BaMoO2F4; and 1 mmol (0.245 g)
of PbF2, 10 mmol (1.439 g) of MoO3, and 1.5 mL of HF for
PbMoO2F4 were added into Teflon liners. Then, each Teflon liner
was placed into the respective stainless steel autoclave. After sealing,
the autoclaves were heated to 200 °C for 72 h and cooled to room
temperature at a rate of 6 °C/h. The products were recovered by
filtration and washed with acetone. Pure products of SrMoO2F4, α-
BaMoO2F4, and PbMoO2F4 were obtained in 61.8, 61.9, and 84.2%
yields, respectively, based on the corresponding metal fluoride
(Figures S1−S3).
Syntheses of β-BaMoO2F4. A polycrystalline sample of β-

BaMoO2F4 was synthesized at room temperature. First, 1 mmol of
MoO3 (0.144 g) was added into a Teflon liner containing 1 mL of
49% HF aqueous solution. Then, the liner was transferred to a

stainless steel autoclave. After sealing, the autoclave was heated to 200
°C for 6 h and cooled to room temperature. A colorless MoO3−HF
solution was produced in the autoclave. Then, 1 mmol of BaF2 was
added into the MoO3−HF solution, and the solution was stirred with
a magnetic stirrer bar at 1000 rpm for 5 min. Polycrystalline β-
BaMoO2F4 was obtained by filtration in 76.1% yield based on MoO3.
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