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Abstract: A novel binary compound within the Ba-Sb phase diagram, BasSbg, was synthesized
by combining elements with an excess of Sb in an alumina crucible. Structural elucidation was
performed using single-crystal X-ray diffraction. This compound crystallizes in the orthorhombic
space group Fdd2 with unit cell parameters of a = 15.6568(13) A, b=35240(3) A, c = 6.8189(6) A,
adopting its own structure type. The most distinctive features of the structure are the eight-
membered [Sbg]lo_ polyanionic fragments which have no known precedents among antimonides.
They are separated by five Ba?* cations, which afford the charge balance and enable adherence to the
Zintl-Klemm formalism. BasSbg is the highest known member of the homologous series within
the family of barium antimonides Ba,;Sby,_» (n > 2), all of which boast anionic substructures with
oligomeric moieties of pnictogen atoms with varied lengths and topologies. Electronic structure cal-
culations indicate an indirect narrow bandgap of ca. 0.45 eV, which corroborates the valence-precise
chemical bonding in BasSbsg.

Keywords: Zintl phases; solid-state synthesis; semiconductors; crystal structure; pnictides

1. Introduction

Discovering novel compounds and investigating their structure—property relation-
ships stands as a pivotal pursuit in the field of solid-state chemistry and material science.
Within this domain, Zintl phases have emerged as a fascinating class of polar intermetallic
compounds, gathering significant attention for their wide range of structural and electronic
properties [1]. These compounds bear the namesake of Eduard Zintl, who was a progenitor
of their study in the first quarter of the 20th century, focusing on binary phases composed
of the alkali or alkaline-earth metals in conjunction with main group metalloids [2].

In general terms, the chemical bonding in Zintl phases adheres to the basic valence
principles. As such, their structures include (i) an ionic component involving electropositive
cations donating their electrons to the more electronegative elements and (ii) a covalent
component within polyanionic frameworks or clusters composed by these electronegative
elements [2]. Remarkably, the applicability of the Zintl concept allows for the creation of
a broad spectrum of semiconducting materials with potential for applications in (i) ther-
moelectric technology, primarily due to the excellent tunability of transport properties [3],
(ii) catalysis, even in the absence of the transition metals [4], (iii) photovoltaics [5], energy
storage [6], and those with topological insulating properties [7]. Many Zintl phases are en-
vironmentally friendly and sustainable materials. They can be composed of earth-abundant
elements, reducing reliance on rare or toxic elements, which is especially important for the
development of clean energy technologies.

The majority of the recently discovered Zintl phases are represented by complex
ternary and quaternary compounds [8,9], although novel binary phases akin to those stud-
ied by Zintl are also occasionally identified [10-12]. Research efforts are primarily focused
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on Zintl pnictides, which are characterized by diverse anionic substructures primarily due
to the ability of pnictogens (Pn = P, As, Sb, Bi) to form homoatomic bonds. It results in
enormous compositional and structural abundance among binary and multinary Zintl
compounds. For instance, there are almost a dozen binary phases known in the Ba—-Sb
phase diagram. Examples include BaySb3 [13], BasSby [14], Baj1Sb1g [15], BaSb; [16], and
BaSbj3 [17], to name a few. Recently, we reported a detailed crystal structure description
of yet another binary Zintl phase, Baj4Sb11, which has been shown to crystallize in two
polymorphic modifications [11]. Over the course of those studies, we have discovered
a hitherto unknown BasSbg Zintl phase. This work will comprehensively detail the syn-
thesis process, provide insights into the bonding and structural details, and elucidate the
electronic structure of this unique compound, thus contributing to the development of
Zintl chemistry.

2. Results and Discussion
2.1. Synthesis

The initial experiment that allowed for the serendipitous discovery of BasSbg was
designed with the aim to explore the Ba-Cr-Sb system for possible ternary compounds.
Prior synthetic efforts with early transition elements, such as Ti and V, yielded several
novel pnictides [18,19]. Thus, the progression from Group 4 and Group 5 elements to
Group 6 elements constituted a logical extension of our experiments, particularly in light
of the high solubility of Cr in excess of Sb at high temperatures and the existence of
binary chromium antimonides, such as CrSb and CrSb;. However, to date, at the reaction
conditions that were employed, we did not observe the formation of ternary compounds.
Instead, among the multiple binary reaction products, single crystals of CrSb and the title
BasSbg compound were most frequently encountered.

Another noteworthy observation pertains to the essential role of chromium in the
synthesis of the BasSbg phase. To elucidate this phenomenon, we performed a series of
parallel experiments that maintained the same nominal Ba:Sb stoichiometry but excluded
Cr from the reaction mixture. These reactions were run at the same temperatures as before;
they exclusively yielded known antimony-rich binary barium antimonides, namely BaSb,
and BaSbs, further affirming the necessity of Cr in the synthesis process. We speculate that
Cr may play a “catalytic” role of some kind, similar to what Ge does for the synthesis of the
YbsAl,Sbg compound or Bi does in the synthesis of recently reported Pq; allotrope [20,21].
We also note that all reactions were readily reproducible when employing starting materials
from various commercial suppliers.

SCXRD studies (vide infra) of the title phase indicate an unambiguous structure
solution with all atomic sites exhibiting full occupancy, thus indicating the absence of Cr
in the crystal structure of BasSbg. Semiquantitative elemental microanalysis of the single
crystal used in the SCXRD studies, performed with the aid of SEM-EDS electron microscopy,
also indicated the absence of foreign elements and confirmed the presence of Ba and Sb in
a 5:8 ratio. The exact role of Cr in the synthetic process remains unclear, yet its presence is
established as a prerequisite for the formation of the Ba;Sbg phase.

2.2. Crystal Structure and Structural Relationships

Among the Zintl pnictides, compounds of the “5-8” variety are not widely recognized
with only very few reported to date. These are the Zintl phases CasPg [22] and Cs5Sbg [23]
and a series of intermetallic compounds with the (Ti,Zr)5Sbg structure type [24,25]. How-
ever, their crystal structures are distinct from the one reported herein, and their brief
schemes are provided in Appendix A.

The comprehensive crystallographic analysis of the BasSbg structure reveals a great
degree of complexity (Figure 1). It is an orthorhombic, non-centrosymmetric structure
with the space group Fdd2 (no. 43) with a relatively large unit cell volume (Table 1). There
are three crystallographically independent Ba sites and four Sb sites occupying general
positions with the exception of Ba3 (Table 2), yielding the Wyckoff sequence b®a. There are
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no precedents for such a structure in the ICSD database; therefore, it ought to constitute a
new structure type with the Pearson symbol 0F104.

b

Fa

Figure 1. A schematic representation of the BasSbg unit cell, emphasizing the eight-membered
oligomeric fragments made of Sb atoms. Barium atoms are shown in gray, and antimony atoms are
shown in orange. The unit cell is outlined.

Table 1. Selected data collection details and crystallographic data for BasSbg (T = 100 K; Mo K,
A=0.71073 A; Z = 8).

Chemical Formula BasSbg
fw/g mol ! 1660.70
Space group Fdd2

a/A 15.6568(13)
b/A 35.240(3)
c/A 6.8189(4)
V/A3 3762.3

Peale./g cm ™3 5.86
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Table 1. Cont.

Chemical Formula BasSbg
U (Mo-K«)/cm ™! 215.2
Reflections collected /Independent reflections 10675/2811
Ry (I>20) [ 0.0204
wR, (1> 20()) 12! 0.0418
R (all data) [2] 0.0209
wR, (all data) [ 0.0419
APmaxmin/e” A3 1.67, —1.01
CCDC deposition number 2307632

IR, =X 1Fyl — IFcl 1 /E1Fy1; wRy = [E[w(Fo? — F2)21/[Zw(Fo2)2]]Y2, where w = 1/[02Fo2 + (0.0132-P)? +
(106.0190-P)], and P = (F,2 + 2F.2)/3.

Table 2. Refined atomic coordinates and equivalent isotropic displacement parameters (Ueq lal A2)

for BasSbg.
Atom Site x y z Ueq
Bal 16b 0.0017(1) 0.2017(1) 0.1058(1) 0.007(1)
Ba2 16b 0.5149(1) 0.1031(1) 0.1323(1) 0.006(1)
Ba3 8a 0 0 0.0000(1) 0.006(1)
Sbl 16b 0.0679(1) 0.3027(1) 0.1182(1) 0.007(1)
Sb2 16b 0.0846(1) 0.1005(1) 0.1286(1) 0.007(1)
Sb3 16b 0.1598(1) 0.1714(1) 0.4507(1) 0.007(1)
Sb4 16b 0.6654(1) 0.2346(1) 0.2396(1) 0.007(1)

[8] Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.

All Ba atoms are eight coordinated by Sb atoms with observed interatomic Ba—Sb
distances in the ranges of 3.50-3.80 A for Bal, 3.48-3.67 A for Ba2, and 3.40-3.76 A for
Ba3. These values are close to the sum of the covalent radii of Ba and Sb 3.50(16) and
are typically observed in multiple Zintl antimonides [26]. Ba atoms are arranged in a
framework composed of layers of alternating perpendicularly oriented distorted trigonal
prisms stacked along the a-axis (Figure 2). These prisms host the Sb atoms composing the
[Sbg]10~ complex Zintl anion, which is discussed in detail below.

Figure 2. The sequence of alternating layers composed of perpendicularly oriented distorted trigonal
prisms made of Ba atoms along the a-axis. Sb atoms are packed inside the Ba atom framework. The
color code is the same as in Figure 1. Alternating slabs of perpendicular Bag prisms are denoted in
red and orange. The unit cell is outlined.



Inorganics 2024, 12, 3

5o0f 14

A detailed description of bonding within these Sb-centered polyhedra is needed for
the proper understanding of the [Sbg]'’~ polyanion, in which Sb atoms exhibit two types
of coordination environments. Sb1 and Sb2 atoms can be viewed as six-coordinated by Ba
atoms in a distorted trigonal-prismatic fashion (Figure 3c,d). Sb—Ba interatomic distances
fall down in the ranges of 3.50-3.71 A and 3.55-3.88 A for [Sb;Bag] and [SbyBag] prisms,
respectively. These two prisms are face-sharing and allow for the existence of Sb;-Sb,
contact of 2.86 A with Sb atoms located almost in the center of each polyhedron. Sb3 and
Sb4 atoms are also located within the framework of Ba prisms, although the positions
of both Sb atoms are noticeably off-centered and significantly shifted toward the face of
[SbBag] polyhedra, so the Sb atoms are only slightly protruding over the face plane made
of Ba atoms (Figure 3e,f). Sb-Ba interatomic distances in such a distorted square-planar
environment of [Sb3Bas] and [SbsBay] range from 3.39 to 3.57 A and from 3.56 to 3.76 A,
whereas complementary contacts that are needed to complete the polyhedra are longer
than 4 A, being beyond the bonding range.

Ba2 1 Ba3
Ba1 2
Ba2  Ba Baz  Ba3 Ba2 Baf Ba2
© (C) © ®
Ba3
Ba1 Ba3 Ba1l Ba1 2
a1 Ba2 Ba1 Ba2 Ba2

Figure 3. (a) The trigonal prismatic arrangement of Sb-centered [SbBag] and empty [Bag] polyhedra
encasing the [Sbg]'~ polyanion; (b) close-up view of the [Sbg]'~ chain-like Zintl anion supple-
mented with the respective Sb-Sb distances; (c—f) distinct representation of Sb-centered trigonal
prisms of Ba atoms. Sby and Sb, atoms are located close to the center of the prisms, whereas Sb3 and
Sb4 atoms are closer to one of the rectangular faces.

The [Sb3Bay] distorted square plane can be viewed as a continuation of the face that
belongs to [SbyBag] trigonal prisms, whereas [SbsBa4] plane complements the shared face
of [Sb1Bag] and [SbyBag] prisms and together with the [Sb;Bas] plane completes another
prism yet without the Sb atom. This “empty” prism is enclosed between [SbiBag] and
[SbyBag] polyhedra by sharing bases (Figure 3a). Since the Sb3 atom is only 0.35 A away
from the shared face with the [SbyBag] prism, this allows for the realization of Sb2-Sb3
contact of 2.89 A.

Structural differences between Sb-centered polyhedra can be better understood by
analyzing the hallmark of the BasSbg crystal structure—the unique [Sbg]'’~ Zintl anion
(Figure 3b). The whole crystal structure of BasSbg can be viewed as a complex arrangement
of these asymmetric anionic units, which are kept separated by the Ba?* cations (Figure 1).
These eight-membered fragments are characterized by distinct handedness and are stacked
along the b-axis in an alternating checkerboard-like pattern, as illustrated in Figure 2. The
[Sbg]*%~ chain is composed of eight Sb atoms in the [Sb1-Sb2-Sb3-Sb4-Sb4-Sb3-Sb2-Sb1]
fashion (Figure 3b). The unit has a C, rotational axis of symmetry in a direction perpendic-
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ular to the center of the Sb4-Sb4 bond and parallel to the c-axis. Bond lengths between Sb
atoms are relatively uniform and fall in the range of 2.87-2.97 A, being comparable to the
most known barium Zintl antimonides [13,16] with the outlier value of 2.97 A for Sb3-Sb4
contact. This bonding “anomaly” is well explained by the fact that Sb3- and Sb4-centered
prisms do not share edges or faces but are separated by the “empty” interstitial trigonal
prism composed of Ba atoms mentioned above. Noteworthy, such an interatomic distance
was observed for Sb—Sb contact in the recently reported Ba4Sb11 phase [11]. [Sb3Bay] and
[SbyBay] planes are also considered as faces of this interstitial prism in which Sbs and Sby
atoms protrude outward on 0.35 A and 0.67 A, respectively (Figure 3e,d).

All eight [SbBag] prisms surrounding Sb atoms in the [Sbg]'®~ unit are oriented
in two perpendicular directions (Figure 3a). Two adjacent parallel polyhedra [Sb1Bag]
and [SbyBag] are followed by perpendicularly oriented [SbzBag]’, “empty” [Bag]’, and
[SbsBag] prisms completing the first half () of the [Sbg]'%~ unit. [Sb4Bag] polyhedra is
face shared with the identical [Sb4Bag]™* prism from the second half (**) of the [Sbg]'*~
unit in a perpendicular manner so that the bases of the [SbyBag] * and [SbyBag]™ prims
are shared. The remaining polyhedra are symmetric, as was mentioned before, and the
overall sequence can be described as follows: {[Sb1Bag] t-[SbyBag] 1-[SbsBag] ——[Bag] —
—[SbyBag] ——[SbyBag] *1t—[Bag] *1—[Sb3Bag | *t-[SbyBag] *——[Sb1Bag] *—}, where arrows
denote parallel (1) and perpendicularly (—) oriented polyhedra. Consequently, [SbyBag] *
and [SbyBag]" prisms share the base, too.

To our knowledge, the [Sbg]'?~ complex polyanionic fragment (Figure 4a) has only one
isosteric/isoelectronic analog previously reported within the realm of alkaline/rare-earth
Zintl pnictides [8,27,28]. This isostructural [Asg]*0— oligomer was observed alongside the
[As4]®~ unit in the CapAs; structure, which should be more conveniently represented as
CagAsyy = (Ca?*)g[Asg]'0[Asy]®~ [28]. BasSbg remains the first antimonide with such
an [Sbg]10~ eight-membered oligomeric unit. Among the other reported antimonides,
the closest structural analog is Ba;Sb3, which can be re-written as BasSbg [13], because
its anionic substructure consists of [Sbg]®~ oligomers composed of six independent Sb
atoms (Figure 4b). BasSbg [13] belongs to the homologous series of Zintl antimonide, as
discussed below. While the [Sbg]®~ unit can be viewed as a two-atoms shorter version of
[Sbg]!0~, their structures are noticeably distinct. Thus, the Sb3—Sbs—Sbs—Sbs torsion angle
with a central Sby—Sbs bond in BasSbg is close to the right angle (ca. 91.6°), while the
analogous Sby-Sb3-Sbs—Sbg angle, with a central Sb3-Sby bond, is only ca. 10.2°, indicating
different bond orientation for these two ions. The crystal structure of Ba,Sbs is described in
another article [13], whereas the detailed analysis of the electronic structure and properties
of BaySbs as well as its yet-to-be-reported polymorph will be discussed in one of our
future works.

P

@ () Z k "(c)\_‘\
(]

*—

\‘/ Ve d 2

Figure 4. (a) Structural representation of the Sbg and Asg polyanions observed in the structures of BasSbg
and CapAsg (a); Sbg fragment observed in the structure of BaySbs (b); Asy anion observed in the structure
of EuzAs, and CayAsg (¢); and an infinite zig-zag Sbe, chain observed in the structure of BaSb; (d).
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Given the presence of eight-membered and six-membered fragments of chains in
this and other barium antimonides, we want to expand on the possibility that there are
other compounds awaiting their discovery. This notion can be expressed in terms of a
homologous series of binary compounds that differ by one BaSb, formula unit; i.e., all
members of the family can be described in terms of Ba,;Sby,,_». Within this formalism, the
simplest member will be BaSb, or rather Ba,Sb, (1 = 2) featuring just simple dumbbells,
[Sby]#~, and the end member for 11 = oo will be BaSby, featuring infinite chains, formally
[Sby >~ (Figure 4d). The highest homologue, which is represented by a finite number,
is the title compound BasSbg (1 = 5). Next in the series (in decreasing order, n = 4) is
BasSbg (=BaySbs), which was discussed above. Cutting one more BaSb; formula unit leads
to BazSby, n = 3, whose structure is predicted to have [Sbs]®~ tetramers. Interestingly,
while not all of these are experimentally confirmed to exist as barium antimonides, they
are all known for other rare-earth or alkaline-earth metal pnictides. For example, “3-4"
pnictides with four-membered Pny-polyanions are represented by multiple compositions
belonging to the EuzAsy structure type (Figure 4c) or a single representative of CapAsg3,
as discussed above [28,29]. The only known barium-bearing representative is BasPy4 [30],
which exhibits a symmetric P4 chain similar in configuration to the middle part of the Sbg
fragment in BasSbg, exposing a P1-P2-P2-P1 angle of 86.4°. The “1-1” or rather “2-2"
composition of the NayO, structure type with Pn-Pn dumbbells is well known for multiple
Zintl pnictides, although there are also no experimental reports on barium-bearing phases.
Noteworthy, the existence and stability of both compositions, BazSbs and Ba,Sby, has been
theoretically predicted [31,32], and we speculate that extensive synthetic efforts will result
in the successful synthesis of these homologs. Structures with Sbyg or Sby; oligomeric units
can only be discussed as a speculation at this point, since there are no known reported
analogs or even theoretical predictions. It is acknowledged that the energy landscape
will likely be riddled with shallow minima, and that BagSbyg and BaySby4 hypothetical
compounds will be very challenging to isolate from the “thermodynamic” most-stable
phases that are compositionally very close, i.e., BaSb, [16]. Alternative syntheses methods,
not just a direct fusion of elements, are likely needed to afford the crystallization of the
speculated phases.

2.3. Electronic Structure, Chemical Bonding, and Electron Count Considerations

Detailed structural analysis (vide supra) provided valuable insights into the chem-
ical bonding, which laid the groundwork for the study of the electronic structure of
BasSbg. As previously mentioned, this phase belongs to the charge-balanced Zintl
phases, maintaining a precise valence electron count according to the partitioning
scheme [(BaZ")5]10*[(16-Sb%™),(2b-Sb )4 ]19~. Here, Sb atoms with a one-covalent bond
(1b) or two-covalent bond (2b) are differentiated with formal charges Sb?>~ and Sb!~, respec-
tively. Recall that within the Sbg fragment, there are two terminal Sb atoms, which are 1b
and the six interior Sb atoms, which are 2b; they clearly must have different requirements
as to how their octets will be completed.

While the Zintl-Klemm formalism and considerations of electronegativity differences
between Ba and Sb offer an empirical understanding of the bonding situation and predict
semiconducting behavior [33], a more comprehensive insight into the electronic structure
of the title compound was gained through our calculations. The results of the electronic
structure calculations for BasSbg are presented in Figures 5-7. According to Figure 5, the
title phase is a semiconductor with a narrow, indirect bandgap of 0.45 eV. This value is in
the range observed for multiple other Zintl antimonides, some of which are being tested
for high-temperature thermoelectric energy conversion [34-38].
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Figure 5. (a) Calculated bulk electronic band structure of BasSbg along high symmetry directions.
(b) Zoomed-in view for the electronic band structure near the Fermi level, which reveals the indirect
bandgap opening along the I and L points. The Fermi level is set at 0 eV.

Density of states (DOS) curves are presented in Figure 6. The total (TDOS) and partial
(PDOS) exhibit features are already observed in other Zintl antimonides, BajsSb11, in
particular [11]. The largest contributors to the total DOS between —10.5 and —7.1 eV
are Sb orbitals; the area close to the valence band maxima (VBM) in the region above
—3.9 eV is also mainly contributed by Sb orbitals. The states that will be more crucial in
influencing the electronic transport in BasSbg are those that are located in close vicinity
of the Fermi level and are contributed by both Ba and Sb orbitals. This is indicative of
their participation in Ba-Sb bonding, which is not entirely ionic in nature. In particular,
the greater involvement of empty Ba-d orbitals shows that Ba atoms are not just electron
donors. The involvement of Ba in covalent-like chemical bonding signals a deviation from
the classic ionic approximation. This suggests that the pure Zintl reasoning that will treat
the Ba atoms merely as a space-filling cation and electron donor does not fully capture the
nature of the chemical bonding in this binary phase. Expectedly, a large contribution from
empty Ba 5d orbitals dominate the region just above the Fermi level.

- —— Total |
A
?

0 10 20 30 40 50
DOS (states eV~" f.u.™)

Figure 6. Density of states (DOS) of Ba5Sbg. The total (black trace) and projected density of states
for the Ba and Sb contributions (red and blue traces, respectively). The Fermi level is taken as
E—Ep=0eV.
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To further elucidate the bonding situation for the BasSbg phase, we plot COHP curves
for the average Ba—Sb and Sb-Sb bonds (Figure 7). As can be expected for Zintl antimonides,
Ba-Sb bonds (considered within the range of 3.39 A-3.88 A) are optimized at the Fermi level.
Averaged Sb-Sb contacts within the [Sbg]'?~ unit are also optimized, although noticeable
domains of antibonding character are observed near the VBM down to —1.5 eV. These fea-
tures are typical for Zintl phases with homoatomic Sb-Sb bonds [11,37]. However, separate
COHP curves for Sb1-5b2, Sb2-Sb3, Sb3-5Sb4, and Sb4-Sb4 show a distinct nonuniformity.
While Sb1-5b2, Sb2-Sb3, and Sb4-Sb4 readily follow the provided description, the COHP
curve for the Sb3-Sb4 contact indicates the presence of bonding domains at the VBM. This
is likely associated with the longest interatomic Sb3-Sb4 distance, which corroborates
well with the crystallographic data presented in Table 2. COHP curves for the separate
Ba—5b contacts within the [SbyBag] prism are nearly identical, indicating distinct bonding
between these two atoms. The longest Ba-Sb contacts within [Sb3Bag] and [SbsBag] prisms
expectedly show large domains of antibonding character at the VBM.

" T j T j T j T

4l — _

—— Sb1-Sb2
_o|—— Sb2-Sb3
—— Sb3-Sb4
—— Sb4-Sb4
— Ba-Sb
-30 -15 00 15 30
- COHP

Figure 7. Calculated COHP curves for the average Ba-Sb and specific Sb-Sb interactions in
the [Sbg] fragment.

To further elucidate these effects, we calculated -ICOHP values for the Ba—Sb and
Sb-Sb contacts. The average -ICOHP for the Ba—Sb contact is ca. 0.65 eV /bond, whereas
the calculated values for the Sb1-Sb2, Sb2-Sb3, Sb3-Sb4, and Sb4-Sb4 contacts were 1.91,
1.85, 1.35, and 2.02 eV /bond, respectively, indicating the stronger covalent character of
the homoatomic Sb—Sb bond compared to Ba-Sb interactions. This corroborates well with
the Zint-Klemm concept, where the covalently bonded anions accept electrons from the
electropositive electron donor. The values of -ICOHP for Sb—Sb bonds are uniform with
the exception of Sb3-Sb4 contact (which is of least antibonding character), which aligns
closely with the longest interatomic distance for the latter (Table 3) and, therefore, weaker
covalent interaction.
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Table 3. Selected interatomic distances (A) and bond angles (°) in Ba5Sbs.

Atom Pair Distance/A Atom Pair Distance/A Atoms Pair Distance/A

Bal-Sb1 3.5021(9) Ba2-Sb2 3.6054(8) Sb1-Sb2 2.8855(7)
Bal-Sb1 3.6631(9) Ba2-Sb3 3.5326(7) Sb2-Sb3 2.8868(8)
Bal-Sb2 3.5538(7) Ba2-Sb4 3.5929(8) Sb3-Sb4 2.9728(8)
Bal-Sb3 3.5772(7) Ba3-Sb1 3.5185(6) Sb4-Sb4 2.8655(11)
Bal-Sb4 3.5663(8) Ba3-Sb1 3.5185(6) Atoms Angles/°
Bal-Sb1 3.7062(8) Ba3-Sb2 3.8820(6) Sb1-Sb2-Sb3 116.75(2)
Ba2-Sb1 3.5672(8) Ba3-Sb3 3.3970(7) Sb2-Sb3-Sb4 106.58(2)
Ba2-Sb1 3.5502(8) Ba3-Sb4 3.7639(9) Sb4-Sb4-Sb3 108.16(2)
Ba2-Sb2 3.6686(8) Ba3-Sb4 3.6328(9)

3. Materials and Methods
3.1. Synthesis

All synthetic and post-synthetic procedures were carried out within the atmosphere-
controlled environment of an argon-filled glovebox or under vacuum to ensure the ex-
clusion of moisture and oxygen. All reagents in the elemental form were sourced from
Sigma-Aldrich or Thermo Fisher Scientific with a certified purity level of 99.2% wt. or
higher. All starting materials were used as received without further purification.

BasSbg can be readily synthesized by employing a self-flux reaction with an excess
of molten Sb. This method has been proven useful before and yielded several novel Zintl
antimonides, such as CaV3Sbs and Bas V1,Sb1g [18,19]. Approximately 3.0 g of the elemental
mixture in a predetermined stoichiometric ratio of Ba:Cr:Sb = 2:1:3 was loaded into an
alumina crucible. Subsequently, it was placed inside a fused silica ampule, which was then
evacuated and flame-sealed. The ampoule was then heated in a programmable furnace
from 100 to 950 °C at a rate of 200 °C h~! and allowed to homogenize at this temperature
for 20 h, which was followed by slow cooling down to 750 °C at a rate of 5 °C h~!. Upon
reaching the target temperature of 750 °C, the reacted mixture was carefully extracted from
the furnace, inverted, and spun in a centrifuge to separate Sb from the formed crystals.
A relatively high centrifugation temperature was selected due to the high melting point
of Sb, ca. 631 °C. After opening the ampule in the argon-filled glove box, a solid product
consisting of flake-like, silver- and black-colored, air-sensitive crystals was found on the
bottom of the crucible.

3.2. X-ray Diffraction Methods

Powder X-ray diffraction (PXRD) patterns were recorded in the reflection mode at
room temperature using a Rigaku Miniflex 600 diffractometer (Rigaku Corp., Tokyo, Japan)
(Cu K« radiation, A = 1.5406 A, Ge monochromator). The PXRD data were acquired
using a -0 step-scan mode with 0.05° increments and a 2 s collection period per step.
However, during the extremely air- and moisture-sensitive nature of barium antimonides,
including the title BasSbg compound, the measured powder pattern indicates a high degree
of phase amorphization. For several samples, peaks of the stable CrSb binary phase were
also identified.

The crystal structure of BasSbg was studied using the single-crystal X-ray diffrac-
tion (SCXRD) method. Data were collected on a Bruker APEX II CCD diffractometer
(Bruker, Madison, WI, USA) equipped with a Mo Ket (A = 0.71073 A) radiation source under
cryogenic conditions at 100(2) K in a cold nitrogen stream. Suitable single crystals were
carefully selected, cut to the desired sizes of less than 100 um, and affixed to MiTeGen
plastic loops. Data integration and absorption correction were executed using the SAINT
and SADABS programs, respectively, which were both integrated with the APEX3 software
package (v2019. 1-0) [39,40]. The crystal structure was initially solved using the intrinsic
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phasing method using the SHELXT program and refined by the full-matrix least squares
method on F? with SHELXL [41,42]. The Olex2 program package was used as a graphical
interface [43]. Atomic coordinates were standardized by using the STRUCTURE TIDY pro-
gram [44]. Tables 1-3 contain selected data collection and other crystallographic parameters
of relevance.

3.3. Electronic Structure Calculations

Electronic structure calculations for BasSbg composition were performed using TB-
LMTO-ASA code [45] within the von Barth-Hedin implementation of the local density
approximation (LDA) functional theory [46]. Empty spheres were introduced to satisfy the
atomic sphere approximation (ASA) using a built-in procedure in the code. The refined
experimental unit cell parameters and atomic coordinates were employed for calculations
(Table 1; Table 2). The basic set included Ba 5s, (6p), and 5d and Sb 5s, 5p, and 5(d) orbitals
(the downfolded orbitals are in parentheses). After checking for convergence, the Brillouin
zone was sampled using a 10 x 10 x 10 k-point grid, which was followed by the calculation
of the density of states (DOS) and chemical bonding analysis using the Crystal Orbital
Hamilton Population (COHP) method as implemented in the TB-LMTO-ASA code [47].
The Fermi level was selected as the reference energy (Er = 0 eV).

4. Conclusions

BasSbg adopts its own structure type, crystallizing in a non-centrosymmetric or-
thorhombic space group Fdd2. Its hallmark is the anionic substructure composed of a
unique eight-membered anionic chain, which is denoted as [Sbg]!0~. The presence of com-
plex, covalently bonded polyanions with homoatomic Sb—Sb bonds that accept electrons
from electropositive Ba cations allows BasSbg to be characterized within the Zint-Klemm
formalism. The intrinsic semiconducting nature of this phase has been predicted through
the charge partitioning, (Ba%*)5[Sbg]!9~, and electronic structure calculations. This novel
compound belongs to the family of narrow bandgap materials with a calculated bandgap
of 0.45 eV. The discovery of BasSbg Zintl antimonide enriches the Ba—Sb phase diagram and
provides valuable insights into the existence of a homologous series of barium antimonides
with the formula Ba;Sby,_». The class of barium antimonides with Sb,, polyanions necessi-
tates a comprehensive study of the compositional abundance and transport properties for
the establishment of proper structure—property correlations.
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Appendix A

Figure A1. A schematic representation of four structure types, compositionally (a,b,d) and structurally
(c) relevant to the title BasSbg phase. (a) In the Cs5Sbg structure type, Sb atoms are arranged into five-
membered rings linked via short Sb chains. (b) In the CasPg structure type, the anionic substructure
is described as isolated Pg!9~ anions isostructural to the staggered conformation of ethane. (c) The
anionic substructure of CayAs; consists of four- and eight-membered chains composed of As atoms.
(d) A three-dimensional network of Sb atoms within the [Ti,Zr]5Sbg structure type.
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