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ABSTRACT: The tendency of high-valence xenon to
form consolidated oxide structures is herein supported by
the study of K4Xe3O12, the first example of a layered xenon
perovskite. Xenon seems to be the only nontransition
element that can adopt single-cation oxide perovskite
frameworks. At the same time, peculiarities of electronic
structure of xenon impose specific features on the bonding
within a perovskite structure. Weak supramolecular
interactions known as aerogen bonds are the linkers that
maintain structural integrity of perovskite slabs in
K4Xe3O12. The occurrence of aerogen bonding can provide
an insight into the explosive properties of K4Xe3O12: the
weakness of supramolecular interactions allows consid-
eration of them as possible trigger bonds responsible for
the detonation sensitivity of layered xenon perovskite.

Current studies in the chemistry of xenon are focused on its
supramolecular, covalent, and coordination interactions in

low-valence states,1 with a much lesser number of publications
related to ionic compounds.2 The latter field of Xe chemistry
has been renewed by the synthesis of perovskites with the
framework-forming xenon.3 In the present study, we demon-
strate that incorporation of xenon into rigid oxide frameworks
is not a chemical curiosity but apparent tendency for this noble
gas in higher oxidation states. We report on unusual example of
a layered xenon oxide with a hexagonal perovskite structure
where perovskite-type units are composed entirely of xenon−
oxygen octahedra.
The history of this compound, the yellow salt K4Xe3O12, goes

back to the pioneering works in xenon chemistry.4 Its
composition was found to correspond to the formula
K4XeO6·2XeO3 meaning that the compound contains both
octa- and hexavalent xenon.4c However, its structural nature
was not revealed at the time. The latter could in part be related
to explosive properties of K4Xe3O12: it is highly shock-sensitive
and violently explodes in the dry state.4 We succeeded in the
growth of K4Xe3O12 crystals suitable for contemporary single-
crystal studies (Figure 1)5,6 and found that it exhibits a
spectacular layered perovskite structure (Figure 2). K4Xe3O12
belongs to the family of 12-layer cation-deficient hexagonal
perovskites.7 The archetype compound of this series is
La4Ti3O12,

8 and the generalized formula of the members can
be expressed as A4B3□O12, where A is a large cation in a
cuboctahedral coordination, B the transition metal,7,9 and the
box □ denotes octahedral vacancy.7 The basic structural unit is

a rigid three-layer slab composed of corner-sharing metal−
oxygen octahedra. The slabs are interleaved with the layers of
octahedral vacancies to form 12-layer hexagonal perovskite
stacking (Figure 2). The fascinating feature of K4Xe3O12 is that
perovskite slabs in its structure are composed entirely of XeO6
octahedra. The inner layer of each slab consists of corner-
sharing XeO6 (perxenate) octahedra (Figure 2, Table 1). This
Xe(VIII) layer is sandwiched between the outer Xe(VI) layers,
which are, in a strict chemical sense, composed of neutral XeO3
molecules (Figure 2b). The apex of each XeO3 pyramid is
directed toward inner layer forming severely distorted [O3···
XeO3] octahedron (Figure 2c) where Xe(VI) is bonded to the
three oxygens of XeO3 molecule [d(Xe−O) = 1.774 Å]. Of
particular interest are the three other linkages with d(Xe−O) =
2.475 Å (Table 1), which is much less than the sum of the van
der Waals radii of xenon and oxygen (3.80 Å) but considerably
exceeds the sum of their covalent radii (2.03 Å).10 The results
of computations using the methods of quantum theory of
atoms-in-molecules (QTAIM)11−16 reveal the existence of Xe−
O bond paths coincident with the long Xe−O linkages. The
QTAIM properties of bond critical points (BCPs) corroborate
with the properties of recently defined type of supramolecular
interactions: σ-hole aerogen bonding (Table 1).17

Table 1 summarizes xenon−oxygen bond properties of
K4Xe3O12 and neat XeO3 (the latter is a prototype compound
featuring aerogen bonds). There is expected positive correlation
between the bond length and its strength: aerogen interactions
in K4Xe3O12 are considerably weaker than covalent bonds
between xenon and oxygen as it is confirmed by the respective
values of electron density (ρb) at the BCPs. The positive sign of
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Figure 1. Aggregate of K4Xe3O12 platelets.

Communication

pubs.acs.org/JACS

© 2016 American Chemical Society 13838 DOI: 10.1021/jacs.6b09056
J. Am. Chem. Soc. 2016, 138, 13838−13841

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b09056


Laplacian operator19 is indicative of a closed shell (non-
covalent) character of aerogen interactions, whereas nearly zero
values of the total electronic energy density of Cremer and
Kraka (Hb) corroborate with weakness of aerogen bonding.20

The relative high values of aerogen bond ellipticities suggest for
high degree of electron delocalization.19 Aerogen bonding
belongs to a family of weak σ-hole interactions defined by the
occurrence of region of positive molecular electrostatic
potential (σ-hole).17 It is worth noting that although
computation of electrostatic potential distribution is an
ordinary task for molecular systems, it is still a challenge in
case of three-dimensional inorganic frameworks containing
heavy elements.21 In this respect, we suggest that the set of

bond properties listed in Table 1 can alternatively define the
occurrence of aerogen interactions in xenon compounds.
The properties of covalent bonds in [XeO3]

0 structural units
are very similar to both K4Xe3O12 and XeO3 (Table 1), whereas
aerogen bonds in K4Xe3O12 are noticeably shorter (and
stronger) than corresponding linkages in XeO3. Because the
oxygen atoms involved in aerogen bonding play a role of
bridges between aerogen and covalent linkages (Figure 2, Table
1), one could expect that strengthening of aerogen bonds in
K4Xe3O12 relative to XeO3 would affect the frequencies of Xe−
O vibrations in IR spectra. That suggestion is consistent with
the experimental data: peak positions of IR absorption bands of
K4Xe3O12 (Figure 3, Table 2) are blue-shifted (toward small

Figure 2. Hexagonal perovskite structure of K4Xe3O12. (a) Projection along the c-axis. Three-layer perovskite slabs composed of inner layers of
[XeO6]

4− (perxenate) octahedra (yellow), which are sandwiched between the layers of neutral XeO3 molecules. The latter are linked to the inner
layers via supramolecular Xe···O aerogen bonds that results in the appearance of severely distorted [O3···XeO3] octahedra (orange−brown). (b, c)
Fragments of perovskite-type slab in skeletal and polyhedral representations, which illustrate aerogen interactions between the [XeO6]

4− octahedra
and [XeO3]

0 molecules. Positions of BCPs are indicated with green balls. Xe−O distances are given in Å. Thermal displacement ellipsoids are shown
at the 30% probability level. Potassium ions have been omitted for clarity.

Table 1. Comparison of Xenon−Oxygen Bond Properties of K4Xe3O12 and XeO3

bond distance (Å) ρb (e Å−3)a ∇2(ρ) (e Å−5)b Hb (a.u.)
c εd note

K4Xe3O12

Xe(1)···O(1) 2.475(9) × 3 0.3112 +3.4107 −0.0032 0.0331 aerogen bondse

Xe(1)−O(2) 1.774(7) × 3 1.3814 +8.4690 −0.1439 0.0125 covalent bonds in [XeO3]
0 molecule

Xe(2)−O(1) 1.821(9) × 6 1.2901 +6.3218 −0.1302 0.0006 covalent bonds in [XeO6]
4− octahedronf

XeO3
g

Xe(1)−O(1) 1.74(3) 1.4655 +10.9628 −0.1584 0.0109 covalent bond at Xe(1)−O(1)···Xe(1) bridge
Xe(1)···O(1) 2.80(3) 0.1561 +2.0215 +0.0019 0.0607 aerogen bond at Xe(1)−O(1)···Xe(1) bridge
Xe(1)−O(2) 1.76(3) 1.4066 +8.9539 −0.1477 0.0130 covalent bond to nonbridging oxygen
Xe(1)−O(3) 1.77(3) 1.3987 +8.4175 −0.1479 0.0103 covalent bond at Xe(1)−O(3)···Xe(1) bridge
Xe(1)···O(3) 2.90(3) × 2 0.1260 +1.6600 +0.0021 0.0715 aerogen bonds at Xe(1)−O(3)···Xe(1) bridges

aElectron density at the BCP. bLaplacian of electron density at the BCP. cTotal electronic energy density at the BCP. dBond ellipticity. eAngles at
Xe(1): O(1)−Xe(1)−O(1) = 85.3(3)° × 3; O(2)−Xe(1)−O(2) = 100.3(3)° × 3. fAngles O(1)−Xe(2)−O(1) are 90.9(4) × 3 and 89.1(4) × 3.
gBond properties of XeO3 were calculated on the basis of structural data reported by Templeton et al.18
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wavenumbers) relative to corresponding vibrations of XeO3
and KBa(XeNaO6) (the structure of the latter contains perfect
[XeO6]

4− octahedra).3,18 The blue shift effect is well established
phenomenon in vibrational spectroscopy of hydrogen bond-
ing22 but a novel one among xenon compounds.
K4Xe3O12 is the first example of a compound where aerogen

bonds maintain the integrity of rigid structural units, that is,
perovskite-type slabs in the layered perovskite structure.
Because the literature related to this novel type of interactions
is still restricted to computational modeling of molecular
systems23 and in view of recent progress in studies of bonding
motifs of noble gas compounds,24 the experimental evidence
reported herein might provide more insight into the nature of
this intricate type of bonding.
The occurrence of aerogen bonds in K4Xe3O12 and XeO3

might be a reason for explosive properties and high shock
sensitivity of both oxides.4,18 It is known that detonation
response in high-energetic compounds is often accounted for
the breaking of weak interactions playing the role of “trigger
bonds”.25 It is likely that weak Xe(VI)···O aerogen interactions
are those trigger bonds in K4Xe3O12 (and XeO3, respectively)
because neither known oxygen- nor halogen-bearing26 layered
perovskites possess explosive properties.

The existence of K4Xe3O12 as well as recently reported xenon
perovskites KM(XeNaO6) (M = Ca, Sr, Ba)3 is evidence for the
ability of high-valence xenon to replicate polycondensed 2D-
and 3D- oxide architectures typical for transition metals such as
Ti, Nb, and Ta. This opens up new perspectives for the
construction of Xe-based counterparts of titanates, niobates,
tantalates, and polyoxometalates by taking into account the
charge-balance restrictions imposed by the high oxidation state
of octavalent xenon.
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S.; Fernandez-Díaz, M. T.; Mather, G. C. Solid State Ionics 2013, 253,
239−246. (e) Chinelatto, A. L.; Boulahya, K.; Peŕez-Coll, D.; Amador,
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