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We briefly surveyed metal-rich and intermetallic compounds
containing metal anions that have been characterized by
density functional calculations. Transition metal anions come
with electron configurations (n+1)s2nd10(n+1)p0, (n+1)s2nd10-

1. Introduction
Compound formation among atoms with different elec-

tronegativities involves charge transfer among them. Nearly
a century ago the first compound containing a transition
metal anion, CsAu,[1] was characterized. It took some dec-
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(n+1)p1, and (n+1)s2nd10(n+1)p2. Their nd orbitals act as
reservoirs for holding ten electrons. Thus, these anions exhi-
bit bonding characteristics similar to those found for their
main group analogues.

ades until the existence of an Au– ion, which is stabilized
by the relativistic effect,[2] was finally confirmed by mea-
surements and calculations of the electronic structure of
CsAu.[3] In 1958 Goodman claimed that in general the
nd10(n+1)s2 configuration can be considered as a kind of
closed shell like that of the 1s2 configuration of He and that
a Pt2– should also exist.[4] The stability of (Hg4)6– square
rings in Na3Hg2 has been attributed to aromaticity.[5] In this
article, we give a short overview of the results of our studies
on further metal-rich compounds and polar intermetallics
on the basis of density functional electronic structure calcu-
lations.
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2. Transition Metal Anions in Binary
Compounds with Alkali Metals

In the highly ionic auride CsAu[1,3] and platinide Cs2Pt,[6]

the transition metals are in the negative oxidation states –1
and –2, respectively. In these compounds, the 6s and 5d
orbitals of the Au– and Pt2– anions act as reservoirs for
holding 12 electrons with an electron configuration of
6s25d10. Late transition metals with relatively high elec-
tronegativity can also be present as anions in numerous po-
lar intermetallics. For example, the electronic structures of
the metal-rich series Pt metal, LiPt2, LiPt, and Li2Pt indi-
cate that the 5d electron configurations of Pt in these com-
pounds are close to 5d10 and that the Pt 5d-block bands are
increasingly filled with decreasing Pt content in this series[7]

(Figure 1). A similar trend is observed for the Pt 6s- and Pt
6p-block bands, which are occupied to a small percentage
only.[4] In the Zintl sense, the electrons in the Li/Pt binary
phases are transferred from the Li to the Pt atoms, so that
the Pt atoms are best described as partially negative anions.

Figure 1. Partial density of states (PDOS) plots calculated for the
Pt-5d-block bands in (a) Pt metal, (b) LiPt2, (c) LiPt, and (d) Li2Pt.

3. Alkali Metal Anions in Alkali Metal Clusters

Electron transfer can occur between atoms of the same
element when the coordination environments of the atoms
are different. For example, in the structure of α-Mn, dif-
ferent oxidation states are assigned to the four crystallo-
graphically different Mn atoms.[8]

A similar example of “topologically induced” charge
transfer among metal atoms of the same type is also found
in the metal-rich Cs compound Cs9InO4.[9] This complex
oxoindate consists of InO4 tetrahedra and Cs(Cs)16 clusters
as shown in Figure 2. The density of states (DOS) plots
(Figure 3) obtained from density functional calculations
indicate that Cs(4) located at the center of a Cs16 cage exists
as a Cs anion. This conclusion is corroborated by the elec-
tron localization function (ELF)[10] around a Cs(4)Cs16

polyhedron in the (002) plane containing the Cs(4), Cs(2),
and Cs(3) atoms (Figure 4).

These analyses indicate that Cs9InO4 can be described by
(Cs+)8(Cs–)[(In3+)(O2–)4]+2e–, that is, it is a mixed-valence
compound with Cs atoms in oxidation states +1 and –1.[11]

Other examples of alkali metal anions are known from
cryptand chemistry[12] and also from Na16Rb7Sb7,[13] in
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Figure 2. Perspective view of the coordination polyhedron around
Cs(4) in Cs9InO4 together with Cs–Cs distances in pm.

Figure 3. Partial density of states (PDOS) plots for the Cs atoms
in Cs9InO4 (green: Cs1 s, blue: Cs2 s, black: Cs3 s, red: Cs4 s).

Figure 4. Distribution of ELF in the (002) plane calculated with
the core states included (dark blue rings) containing the Cs(4),
Cs(2), and Cs(3) atoms.

which the Rb– anion located at the center of a (Rb+)6 octa-
hedron can easily be replaced by an I– or Au– anion.[14]

Such negatively charged alkali metal ions might be less
surprising for the less electropositive element Li. It would
be worthwhile to search for such compounds.

4. Transition Metal Anions Encapsulated in
Cationic Clusters of Group 13–15 Elements

The recently discovered compounds PtIn7F13,[15] [PtIn6]-
(GaO4)2,[16] Pt2In14Ga3O8F15,[17] and PtIn6(GeO4)2O[18]

contain 18-valence-electron octahedral cations [PtIn6]10+
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(Figure 5), in which the Pt–In bonds exhibit covalent char-
acter. The molecular orbitals of the PtIn6 octahedron, cal-
culated from extended Hückel tight binding calculations,[19]

show the orbital sequence, a1g, eg, t2g � t1u �� eg* � ... In
the a1g and eg levels, the Pt 6s and 5d orbitals, respectively,
make σ bonds with the In 5s orbitals.

Figure 5. Perspective view of a [PtIn6]O30 polyhedron in [PtIn6]-
(GeO4)2O.

In the t2g level, the Pt 5d orbitals make π bonds with the
In 5p orbitals. With 18 valence electrons for [PtIn6]10+, the
HOMO becomes the triply degenerate level, t1u, in which
In 5s orbitals make σ bonds with Pt 6p orbitals [Figure 6
(a)]. This HOMO level is well separated from the LUMO
level, eg*, in which the In 5s orbitals (the major component)
exhibit σ*-antibonding interactions with the Pt 5d levels
[Figure 6 (b) and (c)]. As a consequence, the charge balance
for [PtIn6]10+ is best described by (Pt2–)(In2+)6, in which the
Pt2– and In2+ ions have the electron configurations 5d106s2

and 5s1, respectively. The HOMO–LUMO gap for a classi-
cal 18-electron octahedral complex such as [PtCl6]4– is
found between the t2g* and eg* levels (with major contri-
butions from the transition metal d orbitals), whereas for
[PtIn6]10+ it is determined by the energy difference between
the t1u and eg* levels.

Figure 6. Boundary surface density plots calculated for (a) one of
the 1t1u and (b and c) the two degenerate 2eg* levels of a [PtIn6]10+

cluster.

There are other known octahedral cluster cations of
main group elements encapsulating late transition metal
atoms as anions, for example, [MSn6]14+ (M = Fe, Ru),[20]

[IrIn6]9+,[21] and [IrBi6]n+ (n = 3, 4).[22] By analogy with
[PtIn6]10+, we might assign the d10s2 configuration to the
transition metal and the s1 to the main group element in
[RuSn6]14+ and [IrIn6]9+, so that their charge balances are
described by (Ru4–)(Sn3+)6 and (Ir3–)(In2+)6, respectively. In
the cluster cations, the nd orbitals of a transition metal act
as reservoirs for holding 10 electrons, and its bonding with
the surrounding main group ligands leading to the frontier
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energy levels takes place primarily by use of the (n+1)s and
(n+1)p orbitals, so that the transition metal anions behave
like a main group element.[11]

Electronic band structure calculations carried out with
the linear muffin-tin orbital (LMTO) method[23] encoded
in the TB-LMTO-ASA program[24] indicate that the metal
atoms Pt or Ir in compounds such as [PtIn6](GeO4)2O (Fig-
ure 7) are best described as anions with the electron config-
uration (n+1)s2nd10. The situation is the same for all 18-
electron MIn6 octahedra with elements M of groups 8, 9,
and 10, for which the oxidation states –4, –3, and –2,
respectively, can therefore be assigned. Formally, this means
that In has a strong power to reduce the late transition
metal elements of groups 8, 9, and 10. The highest occupied
bands of the compounds containing octahedral metallo
complexes MIn6 (M = Fe, Ni, Ru, Os, Ir, Pt) are the (n+1)-
p-block bands of M and the 5s-block bands of In. These
bands lie higher than the M nd-block bands, which in turn
lie higher than the M (n+1)s-block bands (Figure 7). This
means that the valence atomic orbital energies of the transi-
tion metal M increase in the order (n+1)s � nd � (n+1)p,
in contrast to the sequence nd � (n+1)s � (n+1)p com-
monly found for transition metal compounds with electro-
negative main group elements. In general, increasing
(decreasing) the number of electrons around a system in-
creases (decreases) the extent of electron–electron repulsion
and hence raises (lowers) the energies of all the orbitals of
the system.[25] However, this effect does not influence all the
valence atomic orbitals uniformly; a more contracted or-
bital is more strongly affected. For a transition metal, the
nd orbital is more contracted than the (n+1)s orbital. Thus,
unless the atoms surrounding a transition metal lead to
strongly preferential orbital interactions with the nd, (n+1)-
s, or (n+1)p orbital, the nd orbital is lowered below the
(n+1)s orbital when the oxidation state of a transition metal
is positive, while the nd orbital is raised above the (n+1)s
orbital when the oxidation state of a transition metal is zero
or negative,[26] as illustrated in Figure 8. In cases when the
oxidation state of a transition metal is positive, this effect

Figure 7. Dispersion relations of the energy bands calculated for
[PtIn6](GeO4)2O with the fat band representation for (a) the 6s or-
bital contributions of Pt, (b) the 5d orbital contributions of Pt,
(c) the 6p orbital contributions of Pt, and (d) the 5s orbital contri-
butions of In.
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also explains why the energy difference between the nd and
(n+1)s levels of a transition metal atom decreases on going
from the left to the right of the periodic table.

Figure 8. Schematic illustration of how the nd, (n+1)s, and (n+1)p
orbital sequence of a transition metal element varies as a function
of its oxidation state.

5. Transition Metal Dimer Anions Encapsulated
in Cationic Clusters of Group 2, 3, and 13
Elements

Density functional calculations have shown that the
Cr5B3-type compounds AE5T3 (AE = alkaline earth ele-
ment; T = Au, Ag, Hg, Cd, Zn) consisting of isolated and
dimeric transition metal units are best described as [(AE2+)5-
(T–T)4–(T2–)]+4e–.[27] The isolated anions are surrounded
by 10 AE2+ cations, which form a doubly capped square
antiprism, whereas the coordination of the anionic dimers
surrounded by 8 + 4AE2+ cations is described as two face-
sharing trigonal prisms capped by four additional ligands
(Figure 9).

Figure 9. Coordination of isolated T(1) atoms (left) and T(2)2 di-
mers (right) by AE in the Cr5B3-type compounds AE5T3, =
AE5T(1)T(2)2, where AE = Ca or Sr, and T = Au, Ag, Hg, Cd, or
Zn.

The transition metal atoms in the ternary compounds
La2Pt2In[28] and La2Cu2In[29] exist also as dimeric Zintl
anions [Pt–Pt]6– and [Cu–Cu]4–, respectively.[30] The reason
for the switching of the orbital sequence of a transition
metal element from nd � (n+1)s � (n+1)p to (n+1)s � nd
� (n+1)p depending on its oxidation state was clarified for
the first time with these examples. [Pt–Pt]6–, [Au–Au]4–,
[Ag–Ag]4–, and [Cu–Cu]4– dimer anions are also found in
the compounds Yb3Ag2, Ca5Au4, and Ca3Hg2,[31] in which
the transition metal elements exhibit a d10s2p1 configuration
and behave as main group p elements forming a pσ–pσ σ
bond. The Au–Au interactions between the Au 6s orbitals
within the Au–Au dimers in Dy2Au2In[32] have bonding and
antibonding character compensating each other, which be-
comes evident from the COHP curves shown in Figure 10.
The Au 6p-block bands show only bonding interactions be-
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tween the Au 6p orbitals of each Au2 dimer. Thus, by re-
garding the Au–Au bond of each Au2 dimer as a 6pσ–6pσ

single bond, the electron configuration (6s)2(5d)10(6p)1 can
be assigned to each Au atom, which corresponds to an Au2–

anion. As a consequence Dy2Au2In can be described as
(Dy2+)2[Au–Au]4–In0 with a dimeric Zintl anion [Au–Au]4–.
A similar chemical bonding (pσ–pσ) is found for the M–M
dimers in RE2M2In (RE = rare earth element, M = Pt, Cu,
Au), Ca5Au4, Ca3Hg2,[31] and Ca5M3 (M = Cu, Au, Zn, Cd,
Hg).

Figure 10. COHP plots calculated for the Au–Au s interactions
(black) and Au–Au p interactions (red) in Dy2Au2In. Positive and
negative values refer to antibonding and bonding interactions,
respectively.

6. Transition Metal Anions Forming Tetrahedral
Networks with Main Group Elements

The s2d10p2 configuration of transition metal anions is
found for 18-electron half-Heusler (18eHH) compounds
REML (e.g., RE = Sc, Y; M = Ni, Pd, Au; L = As, Sn, Sb,
Pb, Bi),[33] in which the M and L atoms form a diamond-
like lattice (i.e., the zinc blende lattice). Most 18eHH com-
pounds are regular semiconductors.[34,35] The electronic
structure of an 18eHH compound AML (Figure 11) is de-
scribed by the oxidation assignment An+(ML)n–, where n is
the number of valence electrons donated by A.[35a,35c] Quali-
tatively, the semiconducting property of most 18eHH com-
pounds has been understood by noting that the 18-electron
count around M implies a closed shell electron configura-
tion (i.e., d10 + s2 + p6).

Figure 11. Perspective view of the crystal structure of a half-
Heusler compound AML (A = Ca, Sc, Y, M = Au, L = Sn, Sb,
Pb, Bi). The gray spheres represent the A atoms, the golden spheres
the M atoms, and the yellow spheres the L atoms.
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With 18 valence electrons filling the nine valence bands
completely, ScAuSn is a semiconductor with a small indi-
rect band gap[36] [Figure 12 (a)]. The partial DOS plots in
Figure 12 (b) are consistent with the oxidation state +3 for
Sc and hence the electron counting [AuSn]3–. The Sn 5s and
the Au 6s states are present from –8.0 to –10.0 and between
–6.5 and 0.0 eV [Figure 12 (c) and (d)], with stronger Sn 5s
and Au 6s contributions in the lower and higher energy
regions, respectively. The Au 5d states occur primarily as
sharp peaks between –6.5 and –5.0 eV, while the Au 6p
states occur between –3.5 and 0.0 eV, where the Au 5d states
are also present. The filled Sn 5p states occur where the
filled Au 5d and the filled Au 6p states are present [Fig-
ure 12 (c) and (d)]. According to these observations, the
–8.0 to –10.0 eV region represents Sn 5s/Au 6s bonding, and
the –6.5 to –5.0 eV region primarily the Au 5d states with
some Au 5d/Sn 5p bonding. The –3.5–0.0 eV region repre-
sents Au 5d,6p/Sn 5p bonding.

Figure 12. Calculated electronic structure of ScAuSn: (a) Disper-
sion relations of the bands around the Fermi level (0 eV). (b) Total
(black) and partial DOS plots for Sc s (red), Sc p (green), and Sc
d (blue). (c) Partial DOS plots for Au s (red), Au p (green), and Au
d (blue). (d) Partial DOS plots for Sn s (red) and Sn p (green).

The Au 5d-block bands of ScAuSn are completely filled
[Figure 12 (a)], hence leading to a d-electron count of 5d10,
and lie well below the Fermi level so that the 10 d electrons
of Au may be regarded as “pseudo-core” electrons. Then,
the 18-electron rule is reduced to the octet rule for
ScAuSn,[35] and each Au atom may be regarded as a
“pseudo” main group element with eight valence electrons
to form four polar covalent Au–Sn bonds. Thus, the coval-
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ent electron counting[37] leads to four electrons in the 6s
and 6p orbitals for each Au, and hence to s- and p-electron
counts of 6s26p2, since the Au 6s bands are completely
filled. As a result, each Au of ScAuSn has the electron con-
figuration (5d)10(6s)2(6p)2. In terms of the ionic electron
counting, this configuration is equivalent to a formal Au3–

ion, so that the oxidation assignment is (Sc3+)(Au3–)(Sn0)
for ScAuSn.

To show that the assignment of oxidation states to atoms
of metallic compounds is rather useful, we consider the
classical Zintl phase NaTl.[38] The crystal structure of NaTl,
which has a diamond lattice made up of Tl atoms, is com-
monly described in terms of the Zintl electron counting
Na+Tl–, because the Tl– anions with four valence electrons
are expected to form a diamond lattice as do carbon atoms.
However, unlike diamond, NaTl is a metal simply because
its p-block bands are not completely filled.[36] This shows
also that a description of a metallic compound in terms a
Zintl-like phase is reasonable and can be useful. For numer-
ous main group element compounds, for example Ca5Ge3,
Zintl-like behavior in connection with metallic conductivity
has already been accepted.

7. Valence Orbitals of Cations Stabilizing Metal
Anions

So far, our discussion has been focused on the metal
anions. It should be noted that these anions are surrounded
by cations of group 1–3 elements. In general, when a neutral
atom becomes a cation, its orbitals are contracted and low-
ered in energy. As a consequence, alkali cations A+ possess
low-lying np orbitals effective in forming covalent bonds
with the surrounding anions, and these np orbitals provide
a directional character for the covalent bonding that the ns
orbitals cannot. In a similar manner, the alkaline earth
AE2+ and rare earth RE3+ cations possess low-lying (n–1)d
orbitals effective in forming covalent bonds with the sur-
rounding anions, and these (n–1)d orbitals provide a more
directional character for the covalent bonding than the ns
and np orbitals can. The covalent bonding between anions
and cations is not strong, because the orbital overlap be-
tween them involves their diffuse orbitals. Nevertheless,
these weak interactions are important for stability. For ex-
ample, in the bonding of alkali cations A+ with the sur-
rounding anions, the np orbitals of these cations contribute
more than their ns orbitals, as found for Cs2CuCl4[39] as
well as for LiPt2, LiPt, and Li2Pt.[40] In the bonding of alka-
line earth AE2+ and rare earth RE3+ cations with the sur-
rounding anions, the (n–1)d orbitals of these cations con-
tribute more than their ns and np orbitals, as found for the
intermetallic compounds ScAuSn, LaPt2In, Ca3Hg2, and
Yb3Ag2, as well as for normal Zintl compounds such as
Ca5Ge3

[41] and CaC2.[42]

8. Concluding Remarks
Our electronic structure studies on the basis of density

functional electronic structure calculations for polar inter-
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metallic compounds with late transition elements have
shown that the transition metals exist as anions with the
valence electron configuration (n+1)s2nd10(n+1)p1 or (n+1)-
s2nd10(n+1)p2, and the frontier orbitals of these compounds
are described by the (n+1)p orbitals of the transition metal
rather than by the nd orbitals. The essential qualitative pic-
ture emerging from these electronic structure studies is as
follows: For a large number of intermetallic compounds
containing late 3d–5d transition metal atoms and electro-
positive elements, the presence of transition metal anions is
manifested by the fact that the frontier orbitals of these
compounds are not described by the transition metal nd
orbitals but by the transition metal (n+1)p orbitals. Fig-
ure 13 compares the electron configurations for the prob-
able anions of late main group and late transition metal
elements with comparable bonding capability. In general,
many more of such polar intermetallic compounds can be
classified in terms of an extended Zintl concept including
the late transition elements. The number of p electrons on
a transition metal determines the structural units it forms.
For example, a discrete anion is found for the pseudo-
closed-shell configuration (n+1)s2nd10(n+1)p0 correspond-
ing to an ns2np6 configuration of a main group element
(Figure 13). A transition metal anion T with (n+1)s2-
nd10(n+1)p1 configuration forms T–T dumbbells, an ana-
logue of main group dumbbells associated with the ns2np5

configuration. Transition metal anions T with (n+1)s2-
nd1(n+1)p2 configuration lead to a tetrahedral coordina-
tion, as found for the diamond-like framework of semicon-
ducting 18 electron half-Heusler compounds. It is an inter-
esting question whether such transition metal anions can
form chains of transition metal atoms as do the main group
elements S, Se, or Te with ns2np4 configuration. In numer-
ous compounds containing transition metal atoms with
configuration close to (n+1)s1nd10(n+1)p0, they form
chains, as found for LiPt2

[7] or BaPt.[43]

Figure 13. Oxidation states and valence electron configurations of
the anions associated with late transition metal and main group
elements. The colors black, red, blue, and green indicate the ten-
dency to form chains, discrete anions, dumbbells, and diamond-
like frameworks, respectively.
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