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Thermo-analytical Investigations on the Superoxides AO2
(A = K, Rb, Cs), Revealing Facile Access to Sesquioxides A4O6

Patrick Merz,[a] Marcus Schmidt,[a] Claudia Felser,[a] and Martin Jansen*[a,b]

Abstract. Rb4O6 and Cs4O6 represent open shell p electron systems, fea-
turing charge, spin, orbital and structural degrees of freedom, which
makes them unique candidates for studying the ordering processes re-
lated, otherwise exclusively encountered in transition metal based mate-
rials. Probing the physical responses has been restrained by the intricacy

Introduction

Binary alkali metal oxides constitute an astoundingly diverse
body of compounds, displaying plenty of inspiring features. No-
tably, the full manifold of compositions and structures is based
on the alkali metals in the valence state of +1, and thus has rather
to be attributed to specific properties of oxygen, e.g. its capa-
bility to form polyatomic anions with homoatomic bonds, or, al-
ternatively, to the presence of itinerant excess electrons. The
number of individual oxides formed per element grows with the
atomic number, and for cesium as many as nine well-defined bi-
nary oxides have been reported, cf. pertinent reviews.[1]

Although synthesis of pure alkali metal oxide compounds,
and avoiding contamination during storage and any follow up
processing, is posing true challenges, they have achieved sig-
nificant practical relevance. In solid-state synthesis they are
effective ingredients for realizing ternary oxides with e.g.
counter-cations in particular coordination arrangements[2,3] or
in less common high or low oxidation states.[4,5] The first tech-
nical application envisaged has been the use of superoxides in
air revitalization systems, e.g. for regenerating breathing air in
aeronautics.[6] Quite recently, peroxides and superoxides of Na
and Li have attracted considerable attention in the field of elec-
trical energy storage as active components in secondary batter-
ies.[7] In academic research, open shell oxygen anions, as real-
ized in superoxides (AO2) and ozonides (AO3), have experi-
enced an impressive revival.[8,9,1e]

Many physical functionalities of materials are based on
magnetic exchange interactions resulting from spin and orbital
moments of open shell chemical configurations.[10] In this con-
text, p-electron based magnetism introduces complementary
experimental evidences, and different conceptual perspectives,
both contributing to a better understanding of the by far pre-
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of synthesizing appropriate amounts of phase pure samples. Tracing the
thermal decomposition of respective superoxides has revealed that at le-
ast the rubidium and cesium sesquioxides exist in thermodynamic equi-
librium, appropriate p-T conditions given. These insights have paved the
way to highly efficient and convenient access to Rb4O6 and Cs4O6.

vailingly studied d-electron magnetism. Earlier results[11] ob-
tained on alkali superoxides have recently been broadened sub-
stantially, see, for example[8,9] In particular the so-called alkali
metal sesquioxides, Rb4O6 and Cs4O6, which feature charge
ordering as another degree of freedom, in addition to those
related to spin, orbital and structural order-disorder processes,
offer rich opportunities for studying entanglement and mutual
dependencies of such attributes.[12]

Unfortunately, dealing with alkali metal oxides experimen-
tally is a demanding undertaking. In particular, when targeting
a distinct composition, particular efforts need to be made in
controlling the oxygen partial pressure and further relevant
synthesis conditions. Exceptions from this rule are the at stan-
dard conditions stable forms of the alkali metal oxides Li2O,
Na2O2, KO2, RbO2, and CsO2, which can be produced straight
forwardly among others by direct combustion of the metals in
an excess of oxygen at atmospheric pressure. It is obvious,
these well accessible compounds appear to be good starting
points for generating further members of this class of com-
pounds with different oxygen contents.

In many cases, existence or non-existence of specific alkali
metal oxides with intermediate stoichiometries have been the
subject of lasting dissent.[13] For “Rb2O3” or “Cs2O3”, this
controversy has been settled conclusively.[14,15] Three different
synthetic approaches have been suggested, out of which all-
solid-state reaction of Rb2O and RbO2 in appropriate portions
has been reported to be the most reliable with respect to phase
purity.[14] However, performing this recommended synthesis is
tedious, in particular it requires to use precisely stoichiometric
starting materials, and does not allow to easily produce large
amounts as needed e.g. for neutron scattering experiments.
Therefore, we have started to look for more convenient syn-
thetic routes, among others considering thermal decomposition
of well accessible respective super oxides. Pursuing this goal
is meaning to ignore discouraging literature reports explicitly
ruling out the formation of any intermediate phase between
superoxides and peroxides of rubidium and cesium.[13c,13e] Be-
cause of the static nature of former respective experiments, we
regarded it worthwhile to revisit the thermal behavior of the
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potassium, rubidium and cesium superoxides using state of the
art equipment for simultaneous DT and TG analyses.

Results and Discussion

We acquired well reproducible and conclusive results. For
the rubidium and cesium systems, clear evidence for the exis-
tence of intermediate equilibrium phases of composition
“A2O3” was obtained, whereas the TGA trace for the potas-
sium superoxide is indicating a transient state of same compo-
sition to emerge. These results have pointed the way to an
extremely convenient, high yield access to Rb4O6 and Cs4O6.
Most importantly, it has encouraged us to tackle the synthesis
of elusive K4O6. This has been achieved, though not along
simple thermal decomposition of KO2.[16]

The mass change of alkali metal superoxides as a function
of temperature is shown in Figure 1. The decomposition be-
havior is characterized by the release of oxygen and the forma-
tion of metal-richer solid phases. At temperatures above the
given measuring range, uncontrolled mass losses occur due to
further thermal decomposition as well as sublimation of the
metal formed by disproportionation. Thus, the mass loss can
no longer be unambiguously assigned to the formation of a
definite product of decomposition. Generally, the occurrence
of the individual stages of decomposition is notably more sig-
nificant in the dynamic vacuum than under the conditions of a
flowing argon atmosphere.

Figure 1. Mass change in alkali metal superoxides as a function of
temperature in dynamic vacuum and in a flowing argon atmosphere.

The three superoxides investigated exhibit a similar decom-
position behavior in the given temperature range. The first step
comprises the decomposition of the superoxides to the obvi-
ously thermodynamically stable solid equilibrium phase of
composition A4O6 and oxygen according to the reaction:

4AO2(s) � A4O6(s) + O2(g) (A = K, Rb, Cs).

With increasing temperature, the alkali metal peroxides
A2O2 form:

A4O6(s) � 2A2O2(s) + O2(g)

A further increase in temperature leads finally to complete
decomposition into the constituent elements.
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As to be expected, the decomposition temperatures of super-
oxides in dynamic vacuum are generally lower than those in a
flowing argon atmosphere. In both cases, the decomposition
temperature increases from KO2 to RbO2 and CsO2. For KO2,
a mass loss is already noticeable above 200 °C in vacuo and
above 340 °C in an argon flow. Thermogravimetry on RbO2

and CsO2 reveals a significant mass change above 275 °C in
the dynamic vacuum and above 400 °C in flowing argon atmo-
sphere.

Table 1 shows the comparison between theoretical and ex-
perimental mass losses (in dynamic vacuum) for the first two
thermal decomposition stages. It becomes apparent that the
measured mass loss is generally lower than the calculated one.
However, with the exception of the value for the second de-
composition stage of RbO2 (6.8% calcd. vs. 4.4 % exp.), the
deviations lie within the limits of error of 1% to be expected
for measurements in a dynamic vacuum. The formation of pla-
teaus for RbO2 and CsO2 in the TGA experiments is providing
clear evidence that the sesquioxides formed during the first
stage of decomposition exist in thermodynamic equilibrium at
the p-T conditions prevailing. The relevant parameters like
temperature and total pressure obtained are suggesting a
straight procedure for synthesizing alkali metal sesquioxides
in large amounts. This was demonstrated by decomposing 4 g
of CsO2, and 3.5 g of RbO2, respectively, in quantitative yield
to the respective sesquioxides. Figure 2 displays X-ray powder
diffractograms of the obtained single phase Cs4O6, and of
Rb4O6 containing small amounts of its tetragonal modifica-
tion,[12d] the latter is forming slowly at storage at ambient tem-
perature.

Table 1. Calculated and measured relative mass losses during the first
and accumulated first and second stage of decomposition for AO2

(A = K, Rb, Cs).

Δm /% (calcd.) Δm /% (measured)

KO2 stage 1 11.3 10.2
KO2 stage 1+2 22.5 21.1
RbO2 stage 1 6.8 6.2
RbO2 stage 1+2 13.6 10.6
CsO2 stage 1 4.9 4.8
CsO2 stage 1+2 9.7 9.0

Experimental Section

Syntheses: The superoxides AO2 (A = K, Rb, Cs), were prepared from
the respective elements. Potassium was used as purchased (ChemPur,
99,95%), rubidium and cesium were obtained by reducing the respec-
tive chlorides with excess calcium according to Hackspill.[17] All hand-
ling of the starting materials and products was done in an atmosphere
of purified argon. In a typical batch, the respective alkali metal (10 g)
was placed into a quartz glass tube, connected to a Schlenk-line. After
evacuating the tube, the metal was melted, and dry, purified oxygen
was added in small portions. Continuous shaking allowed the metal to
remain liquid for a maximum span of time, supporting controlled up-
take of oxygen. When no further absorption was noticeable over a
period of 1–2 h, the mixture was heated to 100 °C and more oxygen
was added in small portions. This procedure was repeated at 150 °C
and 200 °C. The resulting product was ground under cooling using a
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Figure 2. Le Bail fits of the X-ray powder diffractograms of as ob-
tained Cs4O6, a = 985.8(1) pm (top), and Rb4O6, two phase refinement,
cubic (94%, upper tick marks) a = 932.83(3) pm, tetragonal (6%,
lower marks) a = 884.8(1), c = 1028.5(2) pm (bottom).

brass pestle, subsequently annealed under 1 atm of oxygen at 290 °C
for two weeks with intermittent grinding, resulting in phase pure sam-
ples of the respective superoxides. The as obtained yellow (KO2,
RbO2), or orange (CsO2), products were sealed in glass ampoules in
an atmosphere of argon.

Cs4O6 and Rb4O6 were obtained by thermal decomposition of finely
ground CsO2 or RbO2 (4 g or 3.5 g, respectively) placed in a corundum
crucible inside a Schlenk tube, attached to the vacuum line. The super-
oxides were heated to 290 °C with an approximate heating rate of
100 K·h–1 under dynamic vacuum. While heating, the pressure in-
creased from 2.3�10–3 mbar to 2.1�10–2 mbar. After 20 h the pres-
sure had dropped to 3.1�10–3 mbar. In the case of cesium the re-
sulting intermediate was ground again to a fine powder. Repeating
heating and subsequent grinding twice for 8 h, each, resulted in black,
phase pure powder samples of Cs4O6. In case of Rb4O6 the decomposi-
tion process was repeated only once and was immediately stopped
once a sharp pressure drop in the system was noticeable (reaching a
range of 10–3 mbar). The products were sealed in glass ampoules in
an atmosphere of purified argon.

Thermal Analyses: Thermogravimetric investigations were carried
out in dynamic vacuum (1.0�0.2� 10–2 mbar) as well as in a flowing
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argon atmosphere (Ar 99.999%, 100 mL·min–1, dried, and subjected
to oxygen post-purification with a Big Oxygen Trap, Trigon Technol-
ogies), using an STA 449 C (Netzsch).

The individual samples were measured under comparable conditions
(sample masses: 25–28 mg, rate of heating and cooling: 2 K·min–1,
crucible: corundum with perforated lid, thermocouple: PtRh/Pt). The
temperature ranges applied were 25 to 700 °C for KO2, 25 to 800 °C
for RbO2 and CsO2 for the measurements in an argon atmosphere, and
25 to 450 °C for KO2 and RbO2, 25 to 600 °C for CsO2 for the vacuum
measurements, respectively. The detected mass changes depending on
temperature were subjected to buoyancy correction in accordance with
the measurement conditions.

Laboratory X-ray Powder Diffraction was performed with an Image
Plate Guinierkamera HUBER G670 (Cu-Kα1, λ = 0.154056 nm) at
room temperature in the 2θ range 5 to 90°.

Keywords: Alkali metal oxides; Thermal decomposition;
Synthesis of alkali metal sesquioxides; Alkali metals
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