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Tuning birefringence in alkaline-earth metal
oxyhalides through diverse mixed-cation
coordination architectures
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A series of new alkali-earth metal complex oxyhalides, Ba5Pb4O4Br10 (4PbO·5BaBr2), Ba2CdSe2O6Cl2
(BaCdSe2O6·BaCl2) and BaCdSeO3Br2 (CdSeO3·BaBr2) have been synthesized by a high-temperature solu-

tion method. These compounds exhibit layered structures composed of polyhedra in various configurations,

along with distinct symmetry, bonding modes, and cation coordination orientations. Further investigations

indicate that the structural variations observed in these materials arise from the structure-directing effect of

cations with different sizes. Additionally, this work reports their crystal structures, thermogravimetric analysis,

infrared spectroscopy, UV-Vis-NIR diffuse reflectance spectroscopy, scanning electron microscopy/energy

dispersive analysis by X-ray and electronic band structures. These new mixed-cation oxyhalide materials

feature rich chemical and structural diversity as well as enhanced environmental stability, thus offering

important material options for the development of infrared optical devices.

1. Introduction

In the vast field of materials science, the design and prepa-
ration of new inorganic functional crystals has always been a
key driving force behind scientific and technological
progress.1–3 However, crystal synthesis is time-consuming and
fraught with challenges.4 Inorganic functional crystals are
widely used in lasers, semiconductors, optoelectronics and
other field.5,6 With technological advancement and growing
demands, traditional laser crystals have gradually failed to
meet the requirements.7 Consequently, researchers have con-
ducted extensive and in-depth studies in this field. Through
relentless efforts, numerous high-performance crystalline
materials have been successfully synthesized. Functional crys-
tals for optical applications can be classified by their transpar-
ency bands into deep ultraviolet, ultraviolet, visible light, near-
infrared, and mid- to far-infrared crystals. Research on ultra-
violet crystal materials primarily focuses on borate system.8 As
an important branch of infrared materials, mid- to far-infrared
materials have exhibited great application potential in many
frontier scientific and technological fields owing to their

unique optical properties.9,10 Over the past decades, research
on infrared optical materials has still focused mainly on non-
oxide systems.11 such as chalcogenides,12,13 phosphides14 and
selenides.15 These materials dominate in thermal imaging,
infrared sensing, and laser transmission, and related fields
due to their wide infrared transmission range (3–5 and
8–14 μm), low phonon energy, and high nonlinear optical pro-
perties. Nevertheless, they still face some key challenges,
including multi-phonon absorption, difficulty in adjusting the
balance of band gap and nonlinear optical effects, challenges
in growing large crystals, and poor chemical stability.16,17

Thus, the development of high-performance infrared func-
tional crystals remains a critical research focus.

In recent years, with researchers unremitting exploration,
significant breakthroughs have been made in the field of infra-
red optical materials. The successful development of a series
of high-performance heavy metal oxyhalide crystals has
injected new vitality into the infrared optical material
system.18–24 By leveraging the synergistic effect of heavy metal
elements (e.g., Pb, Ba, Bi, Sn, Te) with halogen group elements
(Cl, Br, I) and oxygen, these novel crystal materials exhibit the
comprehensive performance advantages that traditional
chalcogenides are difficult to achieve.25 Studies have demon-
strated that such heavy metal oxyhalide crystals not only
inherit the wide-band transmission characteristics of oxide
system, but also significantly enhance the chemical stability
of the materials through unique chemical bonding modes.
Notably, by precisely regulating the key structural units such as
M–O–X (M = Pb, Ba, Bi, Sn, Te; X = Cl, Br, I), researchers have†These authors contributed equally to this work.
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successfully achieved effective modulation of the phonon
energy of the material, thereby expanding their transmission
performance in the mid- to far-infrared band.26–29 These inno-
vative achievements not only enrich the material system of
infrared optical crystals, but also provide a new material basis
for the development of high-performance infrared optical
devices.

With the deepening of research, the mixed-cation strategy is
expected to be an effective approach to further enhancing the
chemical and structural diversity of heavy metal oxyhalide crys-
tals.30 Recently, a series of mixed-cation oxyhalide system com-
pounds have been designed and synthesized.22,27,31–35

Compared with single-metal oxyhalide compounds like
Pb17O8Cl18,

19 Pb18O8Cl15I5,
26 Pb13O6Cl14Br10, Pb13O6Cl7Br7,

Pb13O6Cl9Br5,
11 Sn14O11Br6,

36 and Sb5O7I, mixed-cation oxyha-
lides usually show a broad infrared (IR) transparency range
(e.g., CdPbOCl2:

37 1.4–18.0 μm) and larger optical band gap
(e.g., Cd2TeO3Cl2:

38 4.25 eV, CdPb2Te3O8Cl2:
23 3.89 eV,

BaLiTe2O5Cl:
39 4.25 eV). In addition, the system is likely to

include compounds with large birefringence in the infrared
band. For example, the birefringence of alkali metal antimony
(III) oxyhalide Rb2Sb2OCl6

27 reaches 0.191@550 nm, which is
larger than the birefringence value of the oxyhalide crystal
material obtained so far. The exploration of new mixed-cation
materials with enhanced optical performances is still highly
anticipated yet challenging.40

Inspired by the above ideas, we have focused extensive
attention on the mixed-cation heavy oxyhalides system, and
three new alkali-earth metal complex oxyhalides, Ba5Pb4O4Br10
(4PbO·5BaBr2), Ba2CdSe2O6Cl2 (BaCdSe2O6·BaCl2) and
BaCdSeO3Br2 (CdSeO3·BaBr2), have been successfully syn-
thesized by a high-temperature melting method. Interestingly,
Ba5Pb4O4Br10 contains [Pb4Ba4O4]

8+ species constructed by
four [OBaPb3] oxocentered heterometallic tetrahedra, com-
pounds Ba2CdSe2O6Cl2 and BaCdSeO3Br2 both have isolated

[SeO3] units, and the cations in the structure show a variety of
coordination environment modes. Herein, the great research
significance on the structural, optical, thermal, and electronic
properties of the title compounds were systematically investi-
gated for their great research significance, which provides a
new direction for further exploration and design of mid-infra-
red functional materials.

2. Results and discussion
2.1. Structural description of Ba5Pb4O4Br10

Ba5Pb4O4Br10 crystallizes in the P4/n (no. 85) space group
belonging to the tetragonal system. The energy dispersive X-ray
spectroscopy (EDS) spectrum confirms the presence and
uniform distribution of Ba, Pb, O, and Br elements in the
crystal (Fig. S1). Its asymmetric units contain two, one, one,
and four crystallographically independent Ba, Pb, O, and Br
atoms respectively. The crystallographic data and atomic coor-
dinates, equivalent isotropic displacement parameters,
selected bond lengths, and selected bond angles are listed in
Tables S1 and S2 in the SI, respectively. As shown in Fig. 1a
and b, the crystal structure of Ba5Pb4O4Br10 can be regarded as
a relatively covalent [Pb4Ba4O4]

8+ species partitioned by ioni-
cally bonded Ba and Br atoms. The [Pb4Ba4O4]

8+ species are
constructed by four [OPb3Ba] oxocentered heterometallic tetra-
hedra (Fig. 1c and d). It should be noted that, the oxocentered
[OPb4] tetrahedron in most lead oxyhalides is often used to
describe the crystal structure. However, when the Pb2+ cations
in the [OPb4] oxocentered tetrahedron are replaced by other
atoms (Cd, Ba, Sb), various oxocentered heterometallic
[OPbnA4−n] tetrahedral structures are formed (Table S3).

In addition, the Ba atoms exhibit two kinds of different
coordination modes, [BaOBr7] and [BaBr9] polyhedra (Fig. 1e
and f), with the bond lengths ranging from 2.536 Å–3.6466 Å

Fig. 1 (a) Crystal structure of Ba5Pb4O4Br10; (b) chemical bonding in one unit cell; (c) [Pb4Ba4O4]
8+ species; (d) [OPb3Ba] tetrahedra; coordination

modes of Ba and Pb atoms (e, f, g, h, i).
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and 3.4143 Å–3.6114 Å, respectively. Four [BaOBr7] units and
one [BaBr9] unit are connected to forma [Ba–O–Br] unit by
sharing Br atoms (Fig. 1e–g). The Pb atom is coordinated to
three O atoms and four Br atoms, forming a [PbO3Br4] unit
with bond distances of 2.2640(5)–3.6405 Å. Subsequently, four
[PbO3Br4] groups connect with each other by sharing O and Br
atoms to form a [Pb–O–Br] cluster (resembling a “quadrangle”)
(Fig. 1h and i), and these [Pb–O–Br] clusters are inserted into
the [Ba–O–Br] units to construct 3D frameworks. For the
overall structure of Ba5Pb4O4Br10, it features a complicated 3D
network composed of ionic salt BaBr2 inserted into covalent
[Pb4Ba4O4]

8+ species. The chemical bonds in one unit cell,
which is representive of the entire structure due to the high
symmetry of the tetragonal system, are depicted in Fig. 1b.

The bond valence sums (BVS) of each atom in Ba5Pb4O4Br10
were calculated and listed in Table S4 in the SI. We can see
from Table S2 that the BVS values of the Pb, Ba, O, and Br
atoms are 2.32, 1.71–2.42, 2.41, 0.98–1.26, respectively. These
valence sums agree with expected oxidation states, which further
validates the rationality of the crystal structure analysis.

To further analyze and compare the structural features of
lead-containing mixed metal oxyhalides, we surveyed the struc-
tural characteristics of such compounds based on the latest
version of the ICSD (ICSD-5.3.0). Among the reported mixed
metal oxyhalides, nearly all exhibit oxygen-centered fundamen-
tal building blocks (FBBs) with general formula [OPbnA4−n], a
feature like that of some lead oxyhalide system compounds,
which also contain the common [OPb4] unit. We also statisti-
cally analyzed the Pb/A–O–Pb/A angles and the corresponding
O–Pb/A bond lengths for each oxygen-centered unit in lead-
containing mixed metal oxyhalides, as shown in Fig. 2 and
Table S5. Basic statistical results indicate that when Pb2+ cations
in the [OPb4] units are substituted by other metal cations with
larger ionic radii, both the average bond lengths and angles
change, resulting in distortions of the FBB structures.41–43

Observations and statistics of mixed metal oxyhalides show
that the oxygen-centered FBBs in the compounds form O–Pb–
A frameworks through polymerization in different dimensions.
As shown in Table S3, this fully demonstrates the diversity and
richness of the structural chemistry of oxyhalide compounds.

Interestingly, the title compound Ba5Pb4O4Br10 exhibits the
same FBBs (the isolated [Pb4O4] cluster formed by four [PbO3]
groups) with alkali-earth metal lead(II) oxyhalide compound
Ba27Pb8O8Cl54,

34 but differs in the coordination environment
of Ba and Pb atoms. Furthermore, they crystallize in different
space groups: Ba5Pb4O4Br10 belongs to tetragonal space group
P4/n (no. 85), while Ba27Pb8O8Cl54 belongs to cubic space
group Fm3m (no. 225) (Fig. S2). It can be observed that com-
pound Ba27Pb8O8Cl54 has a higher structural symmetry com-
pared to Ba5Pb4O4Br10, which can also be observed from the
oxocentered [OPb3] triangle in the isolated [Pb4O4] cluster.
Specifically, the [OPb3] units in Ba27Pb8O8Cl54 form congruent
triangles with, an O–Pb bond length of 2.272 Å and the Pb–O–
Pb angles of 99.94°.

2.2. Structural description of Ba2CdSe2O6Cl2

Ba2CdSe2O6Cl2 crystallizes in the space group Pnma (no. 62) of
the orthorhombic crystal system. The asymmetric unit of
Ba2CdSe2O6Cl2 consists of one, one, one, two, and one crystal-
lographic independent Ba, Cd, Se, O, and Cl atoms, respect-
ively (Table S4 in the SI). The existence of compositional
elements, namely, Ba, Cd, Se, O, and Cl was verified by energy
dispersive X-ray spectroscopy (EDS) (Fig. S1). The crystallo-
graphic data and atomic coordinates, equivalent isotropic dis-
placement parameters, selected bond lengths, and selected
bond angles are listed in Tables S1 and S6 in the SI, respect-
ively. A diagram showing the coordination around the cations
is given in Fig. 3. Ba is bonded to seven O and three Cl atoms
to form a [BaO7Cl3] polyhedral unit, the bond lengths range of
Ba–O and Ba–Cl is 3.2533(12)–3.3448(8) Å, 2.666(4)–3.1029(18)
Å, respectively, and the [BaO7Cl3] units are connected with
each other via corner-sharing to form 1

∞[BaO5Cl2] chains
(Fig. 3c), these chains are further connected by atom-sharing
to form [Ba–O–Cl] layers along a-axis (Fig. 3e). The Cd-atom
coordinate four O and two Cl, forming a [CdO4Cl2] octahedron
unit with the bond lengths d(Cd–Cl) = 2.6268(11) Å and d(Cd–
O) = 2.279(2) Å (Fig. 3a), there the Cd2+ cation has a symmetric
coordination with the formation of bonds. The Se atoms are
coordinated with three oxygen atoms to form isolated [SeO3]
units ([SeO3] pseudo-layers) with d(Se–O) = 1.670(4)–1.712(2) Å
(Fig. 3d). The [CdO4Cl2] octahedron units are combined with
[Ba–O–Cl] layers to form [Ba–Cd–O–Cl] layers (Fig. 3f). The
[SeO3] pseudo-layers are interconnected with [Ba–Cd–O–Cl]
layers to give the final three-dimensional (3D) structure with
mixed cationic layers in Ba2CdSe2O6Cl2 (Fig. 3g), and the struc-
ture is similar to “sandwich” (Fig. 3h).

Bond-valence sum (BVSs) calculations yield the following
reasonable values; 2.05 for Ba, 2.07 for Cd, 4.08 for Se, 2.12 for
O (1), 2.05 for O (2), 0.88 for Cl (Table S4 in the SI), those are
in agreement with the expected oxidation states of +2, +2, +4,
−2, and −1, respectively, thus verifying the reasonability of the
crystal structure.

2.3. Structural description of BaCdSeO3Br2

BaCdSeO3Br2 crystallizes in the orthorhombic crystal system
with a space group of Pnma (no. 62). In its asymmetric unit,

Fig. 2 The statistics of Pb/A–O–Pb/A angles (°) and O–Pb/A bond dis-
tances (Å) in the crystal structure of lead heterometallic oxyhalide
compounds.
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there are one crystallographically unique Ba atom, one Cd
atom, one Se atom, two O atoms, and two Br atoms (Table S4).
Ba is bonded to six O and four Br atoms to form a [BaO6Br4]
polyhedral unit with the bond lengths d(Ba–Br) = 3.5480(6)–
3.7326(8) Å and d(Ba–O) = 2.773(2)–3.0907(16) Å (Fig. 4a), and
the [BaO6Br4] units are further linked with each other and
arranged along the c-axis in the ab plane to form 1

∞[BaO4Br3]
chains (Fig. 4d). Cd is coordinated to three O and four Br
atoms, forming [CdO3Br4] octahedral unit with d(Cd–Br) =
2.6314(6)–2.9403(7) Å and d(Cd–O) = 2.170(3)–2.462(2) Å
(Fig. 4b). The Se atoms are coordinated with three oxygen
atoms to form isolated [SeO3] units with d(Se–O) = 1.691(3) to
1.694(2) Å (Fig. 4f). Every two [CdO3Br4] octahedral units are
connected with each other by edge sharing to construct a
[Cd2O6Br6] octahedral dimer structure (Fig. 4c and e). The
[Cd2O6Br6] dimers are combined with 1

∞[BaO4Br3] chains to

form [Ba–Cd–O–Br] layers (Fig. 4g). The [SeO3] pseudo-layers
formed by the isolated units are interconnected with [Ba–Cd–
O–Br] layers to give the final three-dimensional (3D) structure
with mixed cationic layers in BaCdSeO3Br2 (Fig. 4h). The exist-
ence of compositional elements, namely, Ba, Cd, Se, O, and Br
was verified by energy dispersive X-ray spectroscopy (EDS) l
(Fig. S1). The calculated bond valence sums (BVSs) (Ba: 1.94,
Ba: 2.07, Se: 4.13, O: 2.06–2.10, and Br: 0.88–1.04) (Table S4 in
the SI) confirms the rationality of the crystal structure. The
detailed information on bond lengths and angles, atomic coor-
dinates and equivalent isotropic displacement parameters is
provided in Table S7.

2.4. Thermal stability and optical analysis

The polycrystalline powder samples of Ba5Pb4O4Br10,
Ba2CdSe2O6Cl2, and BaCdSeO3Br2 were obtained via a high
temperature solid-state reaction technique in a closed system
for further characterization. The XRD (X-ray diffraction) curves
of the powder samples are in good agreement with the simu-
lated patterns calculated from the CIF data, as shown in
Fig. 5a–c. However, despite our many attempts, the obtained
polycrystalline powder of BaCdSeO3Br2 still contains small
amounts of unknown impurities. The thermal behavior of
compounds was characterized by TG–DSC measurement, and
their TG–DSC curves are depicted in Fig. 5d–f. During the
heating process, one prominent endothermic peak is observed
for Ba5Pb4O4Br10 and Ba2CdSe2O6Cl2 around 730 and 714 °C,
respectively, with slight weight loss at approximately 725 °C
and 620 °C, indicating that these two compounds are quite
stable. For BaCdSeO3Br2, two distinct endothermic peaks at
∼634 °C (onset at 600 °C) and 727 °C on the heating curve,
while continuous weight loss occurs from 453 °C onward as
temperature increases.

To further verify the thermal properties of the three com-
pounds, powder XRD measurement were performed on
samples before and after melting experiments. The ground

Fig. 3 Crystal structure of Ba2CdSe2O6Cl2. The coordination modes of (a and b) Cd and Ba, (c) the formed [BaO5Cl2] chains, (d) the formed [SeO3]
pseudo-layers by isolated [SeO3] units, (d) the formed [Ba–O–Br] layers viewed from the a direction, (f ) the structure of [CdO5Cl2] units intercon-
nected with layers along a direction, (g), and (g, h) the three-dimensional structure of Ba2CdSe2O6Cl2 with mixed cationic layers (similar to the
“sandwich” structure).

Fig. 4 Crystal structure of BaCdSeO3Br2. The coordination modes of (a
and b) Ba and Cd, (c) [Cd2O6Br6] dimer, (d) the formed [BaO4Br3] chains,
(e) the formed [Cd2O6Br6] octahedral dimers viewed from the b direc-
tion, (f ) the formed [SeO3] pseudo-layers by isolated [SeO3] units, (g) the
structure before the insertion of [SeO3] pseudo-layer viewed from the b
directions, and (h) the three-dimensional structure of BaCdSeO3Br2 with
mixed cationic layers.
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crystallized products were subjected to additional Powder XRD
analysis. As depicted in Fig. 5a–c, the fully melt crystallized
products of Ba5Pb4O4Br10 and Ba2CdSe2O6Cl2 exhibit diffrac-
tion patterns different from those of the original pure
powders, demonstrating that Ba5Pb4O4Br10 and Ba2CdSe2O6Cl2
melt incongruently. For BaCdSeO3Br2, the sample tends to
decompose with increasing temperature. Therefore, the above
compounds require the addition of flux during crystal growth,
which is consistent with their crystal preparation methods.

The UV-Vis NIR diffuse reflectance spectra of pure phase
powder were recorded at room temperature over the wave-
length range of 200–2600 nm at room temperature (Fig. 6a–c).
Based on the Kubelka–Munk equation, the experimental band-
gaps are 3.49 eV, 5.03 eV, and 3.72 eV, respectively. Notably,
Ba2CdSe2O6Cl2 has large band gap compared with the cur-
rently reported heavy metal oxyhalides. This large band gap is
associated with its ionically bonded alkaline-earth metal Ba
and the unique structure of the d10 transition metal Cd (fully
filled 4d orbitals) can effectively suppress the excessive elec-
tron cloud polarization, and realize wide-range regulation of
the energy band structure via orbital hybridization.
Additionally, the content of highly electronegative halogens
can significantly reduce band dispersion, which is beneficial
for band gap enlargement. Furthermore, by comparing the
optical properties of some reported mixed-metal oxyhalides
listed in Table S8, we found that mixed-anion inorganic com-
pounds containing stereochemically active lone-pair (SCALP)
cations (Pb, Bi, Sb, Te, Sn, etc.) may reduce the band gap to a
certain extent.44

The IR spectra were also recorded. The infrared absorption
spectra reveal that the absorption peaks of the above com-

pounds concentrated in the range of 400–1000 cm−1 (Fig. 6d–
f ). Specifically, the peaks at approximately 400–600 cm−1 are
likely attributed to the Pb–O and Cd–O bonds.45 Additionally,
the prominent peaks at 650–850 cm−1 can be assigned to Se–O
bond vibrations, which is consistent with reported metal sele-
nites.46 Infrared spectroscopy measurements further confirm
that Ba5Pb4O4Br10, Ba2CdSe2O6Cl2 and BaCdSeO3Br2 exhibit
no significant absorption in the mid-infrared region.

2.5. Theoretical analysis

To explain the intrinsic microscopic mechanism by which elec-
tronic structure influences optical properties, first-principles
(DFT) calculations using CASTEP software were performed on
three compounds. The band structures and densities of states
(DOS) were calculated via the plane wave pseudopotential
method. Based on the generalized gradient approximation
(GGA), the calculated band gap of Ba5Pb4O4Br10,
Ba2CdSe2O6Cl2 and BaCdSeO3Br2 are 3.637 eV, 4.222 eV and
3.905 eV, respectively (Fig. 7a, b and c). Among these com-
pounds, Ba5Pb4O4Br10 and Ba2CdSe2O6Cl2 are direct band gap
compounds because their valence band maximum (VBM) and
the conduction band minima (CBM) are located at the same
k-points. In contrast, the VBM and CBM of BaCdSeO3Br2 are
not at the same position in k-space (Brillouin zone), indicating
it is an indirect band gap compound. The total density of
states (DOS) and the partial density of states (PDOS) projected
onto the constituent atoms of the three compounds are shown
in Fig. 7d–f. For Ba5Pb4O4Br10, the Ba 6s, Pb 6p, O 2p and Br
4s orbitals are the primary contributors to the conduction
bands (CBs) in the range of 0 to 15 eV, the other orbitals make
relatively minor contributions. The Ba 5p, Pb 5d, O 2p and Br

Fig. 5 The XRD patterns and TG–DSC curves of (a, d) Ba5Pb4O4Br10, (b, e) Ba2CdSe2O6Cl2, and (c, f ) BaCdSeO3Br2.
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4s 4p orbitals dominate the valence bands (VBs) region
between 0 and −15 eV. For Ba2CdSe2O6Cl2, the top of the VBs
is primarily occupied by Ba 5p, Cd 4d, Se 4p, O 2p and Cl 3p
orbitals, whereas the bottom of the CBs is mainly determined

by Se 4s 4p and O 2p orbitals. For BaCdSeO3Br2, Se 4p, O 2p
and Br 4p orbitals predominantly contribute to the top of VBs
near the Fermi level, whereas the bottom of CBs mainly com-
prises Se 4p and O 2p orbitals.

Fig. 7 (a, b, c) Band structure; (d, e, f ) total and partial density of states; (g, h, i) calculated birefringence of Ba5Pb4O4Br10, Ba2CdSe2O6Cl2 and
BaCdSeO3Br2, respectively.

Fig. 6 The UV-Vis-NIR diffuse reflectance spectra and IR spectra of (a, d) Ba5Pb4O4Br10, (b, e) Ba2CdSe2O6Cl2, and (c, f ) BaCdSeO3Br2.
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Based on DFT, the refractive indices of Ba5Pb4O4Br10,
Ba2CdSe2O6Cl2 and BaCdSeO3Br2 were calculated, and the
theoretical refractive index curves are illustrated in Fig. 7g–i.
As shown, the calculated birefringence values of the three com-
pounds at 1064 nm is 0.019, 0.085 and 0.091, respectively.
Among them, the smaller birefringence of Ba5Pb4O4Br10 can
be attributed to the inherent weak optical anisotropy of its
structure. To further accurately understand and analyze the
origin of birefringence in these three compounds, the contri-
bution of each structural unit was calculated via the response
electron distribution anisotropy (REDA) method. This method
has been widely used to characterize optical anisotropy in
ultraviolet and infrared optical crystals. Given that the optical
anisotropy of crystals is closely related to their internal elec-
tronic structure, bonding electron density differential (Δρ) was
introduced to characterize their optical anisotropy. In
Ba5Pb4O4Br10, the [BaOBr7] units exhibit the highest optical
anisotropy (Δρ = 0.000502, 69.48%), while the [BaBr9] units
exhibit the lowest (Δρ = 0.000093, 12.81%). For
Ba2CdSe2O6Cl2, the calculated results show that the [SeO3]
units contribute the most to optical anisotropy (Δρ = 0.002106,
44.52%), followed by the [BaO7Cl3] units (Δρ = 0.001614,
34.12%), and the [CdO4Cl2] units contribute the least (Δρ =
0.001010, 21.36%). Furthermore, for BaCdSeO3Br2, the
[BaO6Br4] units exhibit the highest optical anisotropy (Δρ =
0.003930, 43.34%), followed by the [SeO3] units (Δρ =
0.003448, 38.02%), and the [CdO3Br4] units exhibit the lowest
(Δρ = 0.001690, 18.64%) (Table S9).

3. Conclusions

In summary, this study employed mixed-cation strategy to suc-
cessfully introduce the alkaline-earth metal cation (barium)
into the heavy-metal oxyhalide system, and three novel alka-
line-earth metal complex oxyhalides, Ba5Pb4O4Br10,
Ba2CdSe2O6Cl2, and BaCdSeO3Br2, were synthesized via the
high-temperature solution method. A systematic investigation
was conducted on the single crystal structures, optical pro-
perties, and electronic structures of these three compounds
through a combination of experimental characterization and
theoretical calculations. The aforementioned compounds
exhibit structural frameworks with different dimensions and a
rich structural compositional diversity. Ba5Pb4O4Br10 features
zero-dimensional [Pb4Ba4O4]

8+ structural units. Both
Ba2CdSe2O6Cl2 and BaCdSeO3Br2 contain [SeO3] pseudo-layers
composed of isolated [SeO3] units. These structural character-
istics are expected to expand the structural and functional
diversity of heavy metal oxyhalides and offer valuable refer-
ences for the exploration of novel infrared optical materials.
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