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Among the transition elements, gold and platinum are unique
in that their first electron affinities are positive and of a
magnitude comparable to those of typical non-metals. For
instance, platinum with an electron affinity of 2.13 eV[1] even
surpasses that of oxygen (1.46 eV),[1] while gold (2.31 eV)[1]

approaches the value as determined for iodine (3.06 eV).[1]

These experimental data are mirrored by calculations[2]

demonstrating the 6s states of gold and platinum to experi-
ence the strongest relativistic stabilization and orbital con-
traction of all stable elements. The implications of these
atomic properties for the chemistry of the respective elements
have been addressed extensively,[3] while the number of
observations adding experimental evidence is growing stead-
ily. For gold, the large band gap of the long-known CsAu[4] has
been attributed to relativistic effects. More recently, the
intrinsic stability of the Au� ion, for example, as a solvated
anion in a liquid electrolyte[5] or as a particle diffusing through
an insulating ionic solid,[6] has been demonstrated. Also,
striking parallels to the chemistry of halogens have been
uncovered, such as the close crystal chemical correspond-
ences of auride and halide compounds,[7] and the dispropor-
tionation of elemental gold in basic media.[8] For platinum,
only recently evidence for its capability to exist as an anion
has been provided: Cs2Pt,[9] forming red transparent crystals,
shows full charge separation, and thus is composed of the ions
Cs+ and Pt2�. Treating platinum with barium, which is less
electropositive than cesium, again induces charge transfer,
which now, however, is incomplete. Thus, in BaPt[10] platinum
bears a charge of approximately �1 and, because of its open-
shell character, forms infinite chains of homoatomic bonds.
Offering more electrons by increasing the Ba/Pt ratio should
render platinum less capable to forming Pt�Pt bonds. In
agreement with this expectation, in the structures of Ca3Pt2

[11]

and Ba3Pt2
[12] platinum pairs can be identified.[13] The bonds

within the dumbbells, however, are weak and are easily

expanded while adapting to the packing requirements.
Extending this work, we now have managed to synthesize
Ba2Pt, a platinide with an even higher barium content, which
indeed contains isolated platinide ions.

Ba2Pt was synthesized from the elements, sealed in
tantalum ampoules, at 1223 K in argon. The as obtained
micro-crystalline samples (EDX: Ba/Pt = 2.1(2)) are shiny-
black, sensitive to air and moisture. The melting point is at
about 1100 K. The compound exhibits temperature inde-
pendent diamagnetism (cmol(273 K) =�75 � 10�11 m3 mol�1).
The electrical conductivity is of metallic character
(1(273 K) = 0.17 mWcm; 1(273 K)/1(5 K) = 1.37). According
to laboratory X-ray powder data the product is single
phasic.[14] All reflections can be indexed assuming a trigonal
crystal system, and the intensities are well reproduced by
supposing the CdCl2

[15] type of structure. However, the c/a
ratio corresponds to a cubic cell, within the limits of
experimental error. To distinguish whether the CdCl2 or the
closely related cubic PrI2-V

[16] structure type is the correct
one, we have recorded high-resolution synchrotron data
(Figure 1). Subsequent Rietveld profile refinement clearly
showed line splittings, and the trigonal CdCl2 structure type
being the correct one.[17]

The resulting structure, is given in Figure 2. Ba2Pt is the
first example of a solid composed of two metals that adopts
the CdCl2 structure which is otherwise preferably found for
ionic compounds with either a polarizable anion or cation.
This strong indication for Ba2Pt being a basically polar
compound is corroborated by the observed bonding separa-
tions. Adding the effective radius of the Pt2� ion, as derived[18]

from Cs2Pt[19] to the tabulated value for the Ba2+ ion[19] results
in 303 pm which is in fair agreement with the observed Ba–Pt
separation (315 pm). The distortion of the PtBa6 octahedra
(shrunk along one of the threefold axes) is due to the ratio
r(Pt2�)/r(Ba2+) of 1.04 which is not the ideal for an octahedral
coordination (see Table 1). The interlayer Ba–Ba separations
are enlarged in comparison to those in the elemental metal.

Figure 1. Scattered synchrotron X-ray intensity for Ba2Pt as a function
of diffraction angle 2V. Shown are the observed pattern (gray points),
the best Rietveld-fit profile (line a), the difference curve between
observed and calculated profile (line b), and the reflection markers
(vertical bars: Ba2Pt (top), BaH2 (middle), and BaO (bottom)). The
higher angle data starting at 2V = 8.28 is enlarged by a factor of 3.
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These structural features justify the assign-
ment of the charges as (Ba2+)2Pt2�·2 e� , in a
first approximation.

From this scenario it is clear that Ba2Pt
has to be classified as another representa-
tive of the family of subvalent alkali and
alkaline-earth compounds. This class of
solids that has continued to arouse curiosity
since the discovery of the first representa-
tives,[20] is meanwhile well investigated,[21]

and, furthermore, soundly based for struc-
tural and bonding concepts have been
elaborated.[22] However, to date, one
aspect appears not to be fully settled. The
metal–metal separations in the interslab
region are rather long, and moreover show
variations from one compound to the other,
which are hard to rationalize. One explan-
ation, based on the low work function of
these compounds and their characteristics
as void metals, suggests Ba2N, Ba3N, and
Cs3O being expanded owing to the pressure
of their conduction electron gases, in the metallic region.[23]

Though providing just one more example, the features of
Ba2Pt are suited to shed some new light on this problem. To
exclude ambiguities originating from different topologies, we
restrict our considerations to CdCl2 type representatives. Out
of these, we disregard Tl2O, Ag2F, Ti2O,and M2C (M = rare-
earth element) because of the totally different sets of valence
orbitals available. The relevant structural data of the remain-
ing alkaline-earth subnitrides, of Cs2O and of Ba2Pt are
compiled in Table 1. The distortions of the octahedra, as
expressed by the differences in the intraslab distances
correlate with the deviations of their r(X)/r(M) ratios from
the value for an ideal octahedron (0.414), which lends support
to regarding these parts of the structures constituted of the
respective ions. Except for Cs2O, in each case the interslab M–

M separation M–Minter is significantly longer than in the
pristine element M. The factors to be considered in trying to
explain the trends are sizes of the cores M2+ and M+,
electrostatic M–M repulsion, metal-core polarizability, next-
but-one-neighbor M–X Coulomb attraction, a reduction of
the Coulomb interaction by the excess electrons in the
interslab region, and the metallic bonding mediated by the
excess electrons. These various interactions are of quite
different effectiveness and thus have to be weighted, appro-
priately. Doubling the charge of M quadruples the interslab
Coulomb repulsion. This would explain the conspicuously
short interslab separations in Cs2O. The increase of the
interslab separation from calcium to barium can be partially
attributed to the growing diameter of the M2+ cores, while the
superproportional component to this increase might result
from the diminishing M–X next-but-one-neighbor electro-
static attraction. The difference between Ba2N and Ba2Pt,
finally, reflects the increase in metallic bonding in Ba2Pt
owing to the higher number valence electrons available.

To check the charge distribution suggested, particularly
the role of platinum, and the relation of Ba2Pt to the

subnitrides, LMTO-TB-ASA band structure calculations[28]

(LDA-functional,[29] relativistic partial waves) were per-
formed for Ba2Pt and Ba2N. In both cases the polarization
of the Ba core has been considered by including the 5p shell in
the valence space, and the description of the interslab region
has been improved by using nonstandard radii[30] of the
atomic spheres. Owing to the polarization of the Ba core, the
Ba 5p bands below �1 Ry are split significantly in Ba2N. In
Ba2Pt such an extreme splitting is not observed (Figure 3),
because of the softer anion. In this case dynamic correlation
contributions have to be assumed.[9] Above �0.5 Ry, the
densities of states of both Ba2Pt and Ba2N are very similar
(Figure 3), showing a lower part describing the ionic layers
and an upper delocalized part (Ba2Pt: above�0.28 Ry; Ba2N:
above �0.19 Ry). The delocalized part is mainly built from

Figure 2. Perspective representation of the crystal structure of Ba2Pt
(blue spheres: platinum atoms; yellow spheres: barium atoms; orange
lines: unit cell-edges).

Table 1: Overview of selected crystallographic data and interatomic distances [ppm] of M2X compounds
crystallizing in the CdCl2 structure type.

Compound a c/a (M–Mintra); (M–Mintra); (M–Minter); (M–X); rcryst(X)/rcryst(M)
(M–M)norm

[a] (M–M)norm
[a] (M–M)norm

[a] (M–X)norm
[b]

Cs2O
[24] 425.6(4) 4.46 383(2); 425.6(4); 419(2); 286(1); 0.70

0.72 0.80 0.78 0.93
Ca2N

[25] 361.58(5) 5.25 326.0(1); 361.6(1); 436.0(1); 243.4(1); 1.20
0.83 0.92 1.10 0.97

Sr2N
[25] 386.25(3) 5.36 351.4(2); 386.3(1); 473.9(1); 261.1(1); 1.04

0.82 0.90 1.10 0.97
Ba2N

[26] 401.7(3) 5.59 374.4(5); 401.7(3); 509.6(1); 274.6(3); 0.92
0.84 0.90 1.15 0.96

Ba2Pt 456.42(1) 4.84 434.0(1); 456.4(1); 471.9(1); 314.9(1); 1.03
0.98 1.03 1.06 1.04[c]

0.87[d]

[a] (M–M)norm = (M–M)(M2X)/(2 � rmet), where rmet are tabulated atomic radii in metals.[27] [b] (M–X)norm =
(M–X)(M2X)/(rcryst(M)+ rcryst(X)); rcryst are tabulated crystal radii for CN = 6,[19] except for N3� where
rcryst(CN= 6) was estimated as 1.04 � rcryst(CN= 4).[27] [c] (Ba–Pt)norm = (Ba–Pt(Ba2Pt)/(rcryst(Ba2+

CN=6) +

rcryst(Pt2�
CN=6)); rcryst(Pt2�

CN=6) = 154 pm was derived[18] from Cs2Pt (ECoN(Pt)= 6.5) [d] (Ba–Pt)norm =
((Ba–Pt)(Ba2Pt))/(rmet(Ba)+ rmet(Pt)). CN = coordination number, ECoN = effective coordination
number.[18]
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the orbitals of the empty spheres, which is also reflected by
the electron distribution calculated for these bands (Figure 4).
It should be noted that the electron density between the
layers is very low. For this reason the domains of the electron

localization function (ELF)[31] in the interslab region
(Figure 4), which also are found in Sr2N,[32] should be
discussed cautiously. What can be stated from the ELF
unambiguously is the ionic nature of the atoms, both in Ba2Pt
and Ba2N, and the significant polarization of the ions. The
ionicity of the layers is confirmed by COHP[33] calculations,
which show in the valence region only a negligible antibond-
ing contribution of + 0.01 Ry for the Ba–Pt interaction.

The following partial charges are obtained from the
topological analysis of the electron density according to
Bader[34] in both, Ba2Pt and Ba2NPt:�1.8, N:�1.9, Ba: + 0.9.

The total electron density, however, does not contain any
information on the local or delocalized character of any
electrons. That is why with the Bader analysis the electrons in
the interslab regions are added to the atomic basins, especially
to those of Ba. From the integration of the DOS in the upper
valence region (see above) we know that there are two
delocalized electrons in Ba2Pt and one delocalized electron in
Ba2N per formula unit, which must be subtracted from the
partial charges. That is why the formal descriptions
(Ba2+)2Pt2�·2 e� and (Ba2+)2N

3�·e� are justified.
The larger volume of the Pt2� ion compared to the N3� ion

(basin volumes from Bader analysis: 44.8 �3 (Pt) and 19.7 �3

(N)) is reflected only by a larger a parameter. The c para-
meter, and connected with this the interslab distance, in Ba2Pt
shrinks compared to Ba2N, because the number of delocalized
electrons in Ba2Pt is doubled.

Ba2Pt is another example for compounds containing
platinum in a negative oxidation state with striking similar-
ities to main-group elements. With increasing Ba/Pt ratio,
going along from BaPt through Ba3Pt2 to Ba2Pt, and thus with
increasing number of valence electrons, the anionic subunits
show decreasing covalent interaction, and are isolated ions in
Ba2Pt. In contrast to Cs2Pt, the Ba compounds contain excess
electrons, which are responsible for their metallic behavior.

Experimental Section
Ba2Pt was prepared by reaction of barium
(Sigma-Aldrich, 99.99%) with platinum
sponge (MaTeck, 99.9%, dried and degassed
before use at 673 K in the dynamic vacuum of
10�9 bar) in a 2.4:1 ratio. The mixture (� 0.5 g)
was sealed under Ar in a tantalum tube,
annealed at 1223 K for 2 days, and then
cooled to room temperature with a rate of
10 K h�1. The shiny-black product was isolated
and handled under strictly inert conditions
(Schlenk technique or glove box). Metal ele-
ment analyses were performed using a scan-
ning electron microscope (XL 30 TMP, Phi-
lips), equipped with an integrated energy
dispersive X-ray (EDX) spectroscopy system.
The hydrogen content was measured by oxi-
dizing the sample mixed with V2O5 in an O2

stream[35] and titration the evolved water pulse-
coulometrically according to the Karl Fischer
method.[36] Differential scanning calorimetry
(DSC) was performed with a computer-con-
trolled DSC sensor (DSC 404C Pegasus,
Netzsch). Temperature-dependent resistivity
data was obtained for a pressed pellet con-

nected to four probes of the resistivity measurement apparatus using
the van der Pauw method[37] in the temperature range 5–290 K.
Magnetization was measured using a SQUID magnetometer
(MPMS 5.5, Quantum Design) in the temperature range 5–330 K at
H = 1 T.
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Figure 3. Total and partial densities of states(DOS; LMTO-TB-ASA) of
Ba2Pt (left). Total DOS of Ba2N (right). The dashed line marks the
Fermi level.

Figure 4. Electron densities computed from the highest occupied bands in a) Ba2Pt
(1 =0.003e�Bohr�3) and in b) Ba2N (1 =0.002e�Bohr�3). Isosurfaces of the electron-localization
function of c) Ba2Pt and d) Ba2N (both h= 0.34). Green spheres Ba, silver spheres Pt, purple spher-
es N.
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