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The new phase Ba2Bi3 crystallizes in the W2CoB2 structure type.
Its structure contains rigorously planar anionic layers of (4.6.4.6)-
(4.62)2 nets with three- and four-bonded Bi, that are separated by
Ba atoms. An unexpected site preference is observed in the
coloring variant Ba2BiSb2 with Sb occupying only the three-bonded
sites. The nonclassical bonding in the anionic network can be ra-
tionalized from a reformulation of the Zintl concept as (Ba2+)2-
[Bi3]3-(e-). Bonding distances suggest that the extra electron fills
Bi−Bi antibonding states. The densities of states obtained from
TB-LMTO-ASA calculations show metallic character for both
compounds.

Owing to the significant electronegativity difference
between the components, the combination of main group
elements with electropositive s-block metals (A and Ae)
alkali and alkaline-earth metals, respectively) frequently leads
to “polar intermetallic” compounds. When the p-block
element, E, is a semimetal, the structure can very often be
described using the Zintl-Klemm-Busmann concept1

whereby all valence electrons are assigned, at least formally,
to the electronegative main group elements. The electrons
are then localized either in two-center-two-electron (2c-
2e) bonds between E atoms or in the form of lone pairs
located at these atoms. In the case of metallic p-block
elements, the structures are far more diverse and provide
more complex aspects of “valence rules” that require an
extension of the Zintl concept to accommodate modern
bonding concepts such as Wade’s rules, multicenter two-
electron bonding, and hypervalency.2

Compounds of a binary phase system (AeE) rich in the
electronegative component (E) are excellent candidates to
study chemical bonding between E atoms, since the electron
count and changes in chemical bonding depend solely on
the composition and not on the nature of the atoms. For
example, the Sr-Sn system on the tin-rich side shows the
transition from a Zintl phase (SrSn) through Sr3Sn5, which

has been described as a formally electron balanced but
metallic compound,3 to SrSn3 and SrSn4 which still show
considerable electron localization and directive bonds, but
have predominately metallic bonding characteristics and are
both superconducting.4

Alkaline-earth antimonides and bismuthides are, with
respect to bond characteristics, closely related to binary
phases containing tin. On the alkaline-earth rich side, the
binaries Ae11Pn10 (Ae ) Ca, Sr, Ba; Pn) Sb, Bi) are Zintl
phases featuring isolated Bi3- atoms, Bi24- dumbbells besides
square planar Bi4

4- units.5 However, in the pnictogen rich
side the antimonides such as Ae2Sb3 (Ae ) Sr, Ba)6 still
have the characteristics of Zintl-phases with molecular Sb6

4-

hexamers and semiconducting property, whereas the ho-
mologous Bi phase Sr2Bi3 is metallic, and its structure cannot
be explained by the Zintl concept.7 Herein we describe a
new compound on the Bi-rich side Ba2Bi3, which can neither
be described by the classical Zintl concept, nor with the
extended electron counting rules for two-dimensional nets,
which have recently been introduced by Hoffmann.8 Partial
substitution of Bi with Sb shows a strict site preference and
gives indications of atomic sites with an enhanced property
for electron localization.

Single crystals of Ba2Bi3 (1) were obtained by reacting
stoichiometric amounts of pure elements (with a slight excess
of barium).9 The powder pattern clearly shows the presence
of other unidentified phases in approximately similar amounts.
The compound crystallizes in the orthorhombic space group
Immmand is derived from the W2CoB2 structure type,10 with
Bi in Co and B positions. The stoichiometric amount of Ba,
Sb, and Bi under similar reaction conditions gave Ba2BiSb2

(2) in high yield (as revealed by powder diffraction pattern)
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which adopts the same structure type, and therefore,2
represents a coloring variant of1.

The crystal structures of1 and2 were determined by single
crystal X-ray diffraction (see Table 1).11 A projection of the
structure is shown in Figure 1. In1 and2, the two-dimen-
sional layers of (4.6.4.6)(4.62)2 nets of Bi or Bi and Sb, re-
spectively (Figure 2), are separated by Ba atoms. As a result
of the ABAB stacking sequence of the 2D layers the Ba
atoms (W position in W2CoB2) are located above the six-

and four-membered rings of the Bi net in1 (Sb-Bi net in
2). Bi1 occupies a four-bounded position with a square planar
environment of Bi2 atoms (Sb atoms in2). The atoms at a
second independent site are three-bonded. These positions
are fully occupied with Sb in the case of the ternary phase
2. Sb labeled in gray in Figure 1 exclusively occupies these
positions.

The substitution of Bi by its smaller congener Sb leads to
a reduction of the cell volume by approximately 5%. Con-
sidering the lattice parameters, this shrinking is highly ani-
sotropic: a, b, andc are reduced by 0.3%, 3.8%, and 0.8%,
respectively. The anisotropic lattice compression correlates
directly to changes in interatomic distances when going from
the Bi to the Sb-Bi sublattice. In1, the Bi2-Bi2 distance
of 3.247(6) Å is close to those found in the three-atom-wide
Bi ribbon in LaGaBi2 (3.2366(5) Å),12 or in the binaries Ae11-
Bi10 (Ae ) Sr, Ba) (3.152(3)-3.286(4) Å) where the Bi-
Bi bonds are considered to be localized. This bond length,
however, is still longer than that of elemental bismuth (3.072
Å). The Bi1-Bi2 distance is 3.380(2) Å, which is close to
those found in Sr2Bi3 (3.13-3.39 Å)7 or in the Bi37- trimers
in Eu14MnBi11 (3.397 Å).13 Consequently, the complete
substitution of Bi2 by Sb leads to a shorter Bi1-Sb distance
as compared to that of Bi1-Bi2. However, on one hand the
Bi1-Sb distance (3.322(1) Å) is reduced by only 1.7% and
remains longer than some of the above-mentioned Bi-Bi
distances. But on the other hand, the Sb-Sb contact in2
(3.098 Å) is reduced by 4.6%, if compared to the Bi2-Bi2
distance in1. The Sb-Sb distance in2 is still longer than
those found in other alkaline-earth antimonides such as Ba2-
Sb3 (2.866-3.005 Å),6b Ba11Sb10 (2.955-3.047 Å), or Ba3-
Na2Sb4 (2.907(2) Å).14 Comparable bond lengths are ob-
served in nonclassical structures of rare-earth antimonides
such as in the square grid in YbSb2 (3.120 Å) or in the Sb5
ribbons of the ternary compounds La13Ga8Sb21 (3.093(1)-
3.134(2) Å) and Pr12Ga4Sb23 (3.109(1) Å).15

Nonclassical bonding has been described in rare-earth
pnictides (Pn), mostly antimonides, and rationalized using a
reformulation of the Zintl concept to account for the partial
bond order by interpreting longer Pn-Pn bonds as one-elec-
tron-two-center bonds or half-bonds, to a first approxima-
tion. Longer Sb-Sb bond distances (3.0-3.3 Å) and coor-
dination geometry are found as indicators.16 The one-di-
mensional ribbon extending along thea-direction (Figure 2)
is reminiscent of similar ribbons seen in many ternary
antimonides and more recently in LaGaBi2.12 Sidewise con-
nection of three-atom-wide ribbons has been described in
R-ZrSb2.17,8bApplying the Zintl-Klemm-Bussmann concept
for the title compounds leads to the formula (Ba2+)2[Bi 3]4-(9) Reactions were carried out in niobium ampules sealed on both sides.
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Table 1. Data Collection and Refinement Details

chemical formula Ba2Bi3 (1) Ba2Bi1Sb2 (2)
fw 901.62 727.16
space group Immm(No. 71) Immm(No. 71)
Z 2 2
unit cell a ) 4.819(2) Å a ) 4.803(1) Å
parameters b ) 7.989(4) Å b ) 7.688(2) Å

c ) 9.982(3) Å c ) 9.900(2) Å
V 384.3(3) Å3 365.5(2) Å3

T 293(2) K 293(2) K
D(calcd) 7.792 (g/cm3) 6.607 (g/cm3)
µ(Mo KR) 784.4 (cm-1) 417.7 (cm-1)
λ(Mo KR) 0.710073 Å 0.710073 Å
R1/wR2 (all data)a,b 0.0898/0.2047 0.0544/0.1384

a R1 ) ∑||(Fo| - |Fc||/∑|Fo|; wR2 ) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]] 1/2.

b (1) w ) 1/[σ2(Fo
2) + (0.1120‚P)2 + 14.22P], and (2) w ) 1/[σ2(Fo

2) +
(0.0999‚P)2] whereP ) [(Fo

2 + 2Fc
2]/3.

Figure 1. Projection of the crystal structure of Ba2BiSb2: Bi black, Sb
(Bi2 in Ba2Bi3) gray, Ba crossed circle.

Figure 2. Projection of the anionic layer showing interconnected ribbons
(outlined by the box): Bi black, Sb/Bi2 gray.
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or (Ba2+)2[BiSb2]4-. Using the electron counting procedure
proposed by Hoffmann,8 isolated infinite three-atom-wide
ribbons are stable for an electron count of 20 electrons for
three atoms (i.e., [Bi3]5-). Then, the interconnection of two
ribbons such as in the structure ofR-ZrSb2 implies that each
atom at the edge lost one electron (if we assumed that the
connection is made by classical 2c-2e bonds) to give
[-Bi3]4-. In the present compounds, the ribbons are con-
nected at both sides, and the same implementation leads to
an electron count of [-Bi3-]3- or [-SbBiSb-]3- in 2 which
results in (Ba2+)2[Bi3]3-(e-) or (Ba2+)2[Sb2Bi]3-(e-), respec-
tively. In contrast toR-ZrSb2 where the interconnection
distance is 2.88 Å, the Sb-Sb distance in2 is 3.098 Å,
indicating that the additional electron fills antibonding Sb-
Sb states. Since there are considerable Ba states belowEF

(see below and Figure 3), we can also assume that there is
no full electron transfer from Ba to Bi or Bi/Sb.18

In 2, the observed longer Sb-Sb bonds show, however, a
higher degree of bond shrinkage as compared to Sb-Bi
bonds, which can be understood in terms of a higher degree
of electron localization. This fact is also supported by the
density of states (DOS) plots obtained from TB-LMTO-ASA
calculations.19 The DOS plots of Ba2Bi3 and the partial DOS
for Ba, Bi1, and Bi2 calculations are shown in Figure 3a.
The orbitals are filled up to the Fermi levelEF, and no band
gap is visible aroundEF indicating the compound’s metallic
character. Moreover, theEF lies at the flank of a local maxi-
mum of DOS, suggesting that the compounds are good can-
didates to exhibit superconductivity.20 The partial DOS pro-
jections reveal that the occupied states aroundEF are mainly
of Bi1 and Bi2 character in accordance with the expected
two-dimensional electronic structure. The outstanding dif-
ferences in the DOS of the substituted Bi2BiSb2 (Figure 3b)

are the opening of a deep pseudogap at about 1 eV below
the Fermi level and clear separation of the three bands at
the bottom of energy scale which are essentially of Bi and
Sb s-orbital character. The band at lowest energy has pre-
dominantly Bi-s character, probably due to relativistic con-
traction of the Bi s-orbital. The origin of the pseudogap in
Figure 3b traces back to a reduction of Sb states with respect
to Bi2 states in1. This separation into bonding and anti-
bonding p-orbital states is due to stronger interactions be-
tween the neighboring Sb atoms. The contribution of Ba to
the DOS is quite significant below the Fermi level, but it
drops as we move toEF. Interestingly, the contribution of
Ba at the pseudogap in2 is reduced and can be interpreted
as less interaction between Ba and Sb compared to Ba-Bi
interactions in1. Although substitution of Bi with Sb leads
to a greater degree of electron transfer from Ba to the anti-
bonding states, the states derived from more electronegative
Sb lie lower in energy, so that an overall stabilization of the
structure may result.

The concept of hypervalency is known to have the capacity
to act as an electron sink, which can accept additional elec-
trons to the extent that Pn-Pn bonds are weakened only
slightly because of the nonbonding or slightly antibonding
character of the states near the Fermi level.15a But due to
the expected orbital mixing in the extended anionic layer,
the extra electron should normally be delocalized throughout
the whole layer. Therefore, the observed strict site preference
of Sb in the coloring variant Bi2BiSb2 is unexpected. The
substitution is of particular interest since both Bi sites in1
belong to the same polymeric sublattice. This clearly indi-
cates that the site energy and/or bond energy within the an-
ionic layer are different enough to be able to discriminate
between two chemically very close elements such as Sb and
Bi.

Ba2Bi3 and its coloring variant Ba2BiSb2 are of great
fundamental interest because they are mixed valence com-
pounds of the same atom Bi or of two chemically very close
atoms Bi and Sb. Their structures feature rigorously planar
anionic layers that can be regarded as a new example of
hypervalent geometry. The strict site preference for Sb and
the Sb-Sb bond shrinkage gives an indication of atomic sites
with an enhanced property for electron localization. This may
elucidate some of the aspects of coloring problems in the
solid state.21 Mixed occupancy of the Bi2 site in1 by Bi
and Sb occurs in the solid solutions Ba2Bi3-xSbx with x
varying continuously from 0 to 2 (x e 2).22
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Figure 3. Total and projected density of states (DOS) for (a) Ba2Bi3 and
(b) Ba2BiSb2; the Fermi level is taken as point of zero energy.
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