BaWO,F4: A Mixed Anion X-ray Scintillator with Excellent
Photoluminescence Quantum Efficiency
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A new self-activated X-ray scintillator, BaWO,F,, with an excellent
photoluminescence quantum efficiency is reported.
Hydrothermally grown single crystals, space group P2/n, exhibit a
3D framework structure containing isolated WO,F; octahedra.
BaWO,F,; exhibits green emission under UV light with a high
quantum yield of 53% and scintillates when exposed to X-rays(Cu).

Scintillators, materials that emit light when struck by high
energy particles or photons, are essential for medical imaging
and radiation detection, including X-rays and y-rays, and are,
therefore, important materials in the field of high-energy
physics,® nuclear power,?2 positron emission tomography
(PET),> computer tomography (CT) scanners,? medical
imaging,> and more recently in homeland security for the
prevention of nuclear and radiological terrorism. One
prospective new class of scintillating materials are oxyhalides,
in which the mixed oxide-halide environment of a scintillating
cation significantly enhances its luminosity.® Different classes
of scintillating materials are known and include a wide variety
of doped inorganic materials,”'®> One class of materials, to
which the title compound BaWO,F, belongs, are the self-
activated scintillators that possess luminescent centers that
are intrinsic to the structure.4-17

Materials that are self-activated include those belonging to the
scheelite (CaWO,) and wolframite-type MWO, (M = Mg, Zn,
and Cd) family, that are known to be stable and that have been
used in X-ray intensifying screens and scintillators.'® Perhaps
the best known member, CaWO,, displays blue emission and
quantum vyield of 70 % with an intense peak around 420 nm.*®
This unique optical behavior is believed to arise from the

aDepartment of Chemistry and Biochemistry, University of South Carolina,
Columbia, SC, United States. E-mail: zurloye@mailbox.sc.edu

b.Department of Mechanical Engineering, University of South Carolina, Columbia,
SC, United States

< Department of Architectural and Civil Engineering, Shenyang University of
Technology, Shenyang, Liaoning, China

Information
available

(ESI) available:
should be

Electronic  Supplementary
supplementary information
DOI: 10.1039/x0xx00000x

[details of any
included here]. See

HOMO-LUMO transition in hexavalent tungstate ions (WO4%).
Due to their impact on the band gap levels, the presence of
mixed anions (oxide-halide) in the structure can also play a
crucial role in enhancing the intensity of luminescence and,
furthermore, increase the scintillation efficiency. This
reasoning is borne out in the rare earth halo-tungstates, such
as LazsWOs3Clg, LaWQO4Cl, and GdWO,CI, that exhibit stronger
luminescence than the corresponding halogen free
tungstates.??-22 Similarly, mixed oxide fluoride materials, such
as Cs3RESi4O10F2 (RE =Y, Eu — Lu),® have recently been reported
to be intense scintillators, and it was shown that the presence
of fluorine in the structure can increase the luminescence
efficiency compared to the pure oxide compositions, such as
Eug.34(Si04)602 and NaEuo(Si04)s0,.2% Also, Toradi and Brixner
investigated the compound, Ba;WOsF4,2* which was reported
to be an excellent X-ray scintillator, in contrast to BaWOQOy,,
which does not scintillate at all.

We explored the synthesis of mixed oxide-fluoride tungstates
by employing a HF based mild hydrothermal route resulting in
single crystals of the monoclinic title compound BaWO,F;. An
orthorhombic polymorph of this compound had previously
been reported as a polycrystalline powder that exhibited
yellow luminescence under short wavelength UV-light. 2> The
HF based mild hydrothermal route has been widely used for
the crystal growth of both transition metal as well as rare
earth metal fluorides and mixed oxide-fluorides.?®=32 In this
method, hydrofluoric acid is used as the solvent, plays the role
of a mineralizer, and acts as a fluorine source. A typical
hydrothermal reaction to synthesize BaWO,F; used
Ba(CHsCOO0),;, W03 HClI and HF as the starting reagents.
Heating the reagents in an autoclave to 160°C, holding at 160 e
for 24 hours and slow cooling to room temperature resulted in
a mixed phase product consisting of colorless rod crystals of
BaWO;F; in an approximately 30 % yield along with BaCIF
powder as an impurity. The impurity could be removed by
sonication in acetone followed by decanting. As this initial HF
based mild hydrothermal route did not result in a phase pure
product and only in low yield, we developed a two-step
process to generate larger quantities of pure BaWO,F,.
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Specifically, creating freshly precipitated BaWQO, and reacting it
with HF under hydrothermal conditions results in the
formation of phase pure BaWO,F,. It is important to note that
the transformation of the oxide to the oxyfluoride involves the
conversion of the WO,4? tetrahedra in BaWO, into the WO,F;>
octahedra in BaWO;F;. This change in composition and
coordination environment around the tungsten leads to bright
luminescence and scintillation that is not observed in BaWOs,.
BaWO,F, crystallizes in the monoclinic space group P2/n and
its asymmetric unit contains two Ba, two W, four O and eight F
sites. The structure is a framework that consists of WO;F,
octahedra isolated from each other by Ba cations. The O atoms
are cis in the WO,F4 octahedron, similar to those found in the
related Na,WO,F4 composition.3® The tungsten in BaWO;F, is
located in a WOyFs coordination environment with Gy,
symmetry in the shape of an octahedron (Figure 1a). The two
equatorial W-O bonds of both the tungsten sites are slightly
shorter, 1.703(5)-1.743(5) A, than the two axial W-F bonds,
1.885(4)-1.953(4) A and the two equatorial W-F bonds,
2.042(4)-2.083(4) A. The O-W-0 angles of the octahedron fall
within a narrow range of 103.5(3)-104.1(3)° and the F-W-F
angles lie within the range of 74.38(16)-166.6(2)°, forming a
cis-[WO;F4]% distortion that contributes to the luminescence
of the material vide infra. The distorted tungsten octahedra
are separated from each other and are arranged along the a-
axis (Figure 1b). The large voids in the structure are occupied
by the barium cations, which connect the isolated tungsten
octahedral units into a three dimensional framework structure
(Figure 1c).

The excitation and emission spectra of BaWO,F, measured at
300 K are shown in Figure 2. When excited at 286 nm, the
emission spectrum displays a broad peak centered at ~520 nm,
which lies in the green region of the visual spectrum 492-575
nm. Exposing ground crystals to X-rays results in intense green
scintillation as shown in Figure 3.

The key reason for the intense luminescence and scintillation
of this compound, relative to BaWQy,, is due to the structural
and compositional difference of the tungsten luminescent
center, a distorted WO,F, octahedron in BaWO,F, and regular
WO, tetrahedron in BaWO,. The intrinsic luminescence of
scheelite-type tungstates, MWO, (M = Ca, Ba, and Pb), is
usually attributed to excitons, located on the WO, tetrahedra,
that can migrate through the crystal lattice.3*

To better understand the difference in the photoluminescence
in BaWO,F, and BaWO, and in particular the role the fluorine
ion plays, DFT calculations were performed, since, this method
has been widely employed to better understand the structure-
property relationships for various optical materials.3>37 One
important result of the DFT calculations (vide infra) is the fact
that the fluorine strongly interacts with the tungsten via
orbital overlap and hybridization between the W5d level and
the F2p level in the -5 — 0 eV energy range at the top of the
valence band, resulting in a distorted WO,F; octahedron.
Hence, fluorine plays a key structural role that influences the
luminescence and scintillating behavior of BaWO,F,.
The photoelectric properties of materials are
characterized by the dielectric function, the
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coefficient, the absorption coefficient, and these optical
constants are determined by the band structure, carrier
concentration, and mobility near the Fermi surface. Therefore,
we calculate the band structure of BaWO, and found that it is
a direct bandgap material with the valence-band maxima and
conduction-band minima both located at the I point (Figure
43). The calculated value of the bandgap energy (E;) for
BaWO, of 4.5862 eV is in excellent agreement with a previous
study.3® Compared with BaWO,, the E; of BaWO,F, is reduced
to 1.2962 eV, due to the presence of isolated bands that result
from the splitting of the
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Figure 1. (a) lllustration of a WO,F,; octahedron. (b and c) A
view of the BaWO,F, structure along the ¢ and b axes,
respectively. The tungsten, barium, oxygen, and fluorine atoms
are shown in light blue, pink, red, and green, respectively.
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Figure 2. Luminescence spectra for BaWO;F,
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Figure 3. (left) Optical image of ground crystals of BaWO;F, in
the absence of X-rays and (right) optical image of scintillating
ground crystals when exposed to X-rays.

conduction band. This split energy band is mainly W 5s in
nature and significantly reduces the bandgap (Figure 5b).
Figure 5 shows the total density of states (TDOS) and partial
density of states (PDOS) of BaWO, and BaWO;,F4. As can be
seen in Figure 5a, there exists a large gap between the valence
and conduction bands, which is consistent with the band
structure of BaWO, in Figure 4a. For the TDOS and PDOS of
BaWO,F, (Figure 5b), the W 5d level forms the lower
conduction band, since W is more electronegative than Ba and
the upper conduction bands are composed by the more
electropositive Ba 6d level. On the other hand, the valence
bands are dominated by filled 2p levels belonging to the mixed
anion (oxygen/fluorine) sites. It is worth highlighting that in
comparison with BaWO,, a new TDOS peak of BaWO;F,
appears at the bottom of the conduction band, the result of
the band splitting mentioned above. This new peak is
attributed to the W 5s levels, which is not observed in BaWOQ,,
and is essential for the observed Iluminescence and
scintillation.
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Figure 4. Band structure of (a) BaWO, and (b) BaWO;F, with
bandgap labeled.
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Figure 5. Total density of states and partial density of states of
(a) BaWO4 and (b) BaWO,F,.
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Figure 6. A simplified illustration of the hypothetical process of
photoluminescence in BaWOF,.
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The observed conduction band splitting is not unusual and, in
fact, exists in other compounds where it is known to impact
luminescent behavior.3® In addition, the large W-W bond
distance (6.520 A), shown in Figure S3b, reduces the orbital
overlap resulting in narrow bands that can stabilize self-
trapped excitons (STEs) and promote strong exciton emission

at room temperature. By comparison, the luminescence
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mechanism in the inorganic perovskite halides is governed by
self-trapped excitons (STEs), which are strongly localized at the
isolated metal halide octahedra.*®*! In such compounds, the
strong spatial localization and the absence of electron trapping
processes favors radiative recombination, resulting in the
highly localized Frenkel-like excitons rather than Wannier-Mott
type excitons.*® Furthermore, in tungsten based mixed anion
compound, KsWOsF3, the distorted WOsF; octahedron plays an
important role in trapping localized charge carriers, which
forms many low energy excitonic bands or self-trapped
excitons (STEs).*?> Hence, one can postulate that the visible
emission in BaWO,F, is due to the formation of self-trapped
excitons (STEs) at the excitonic or polaronic levels within the
forbidden gap, that is responsible for the luminescence and
scintillation of the compound (Figure 6).

The thermal behavior of BaWO,F; was studied using
thermogravimetric analysis (TGA) up to 1200 °C under an
oxygen gas flow (Figure S4). The TGA data indicate that a slight
weight loss, likely due to absorbed moisture, takes place at low
temperatures. Above 400 °C the sample undergoes a larger
weight loss due to thermal decomposition. Heating the
material in air above 400 °C resulted in the formation of
BaWO,, Figure S5, which indicates that BaWO,F,; oxidizes on
heating in air with the release of four molecules of
hydrofluoric acid.

In summary, high quality single crystals of BaWO,F,; were
synthesized using an HF based mild hydrothermal synthesis.
The compound crystallizes in the monoclinic P2/n space group
and consists of isolated WO,F,* distorted octahedra separated
by barium cations. The compound emits intense green light
under UV light and, furthermore, emits green light under X-ray
irradiation. The observed luminescence in this compound is
attributed to highly localized self-trapped excitons (STEs)
situated at the isolated metal octahedra.
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