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We report a detailed computationally study of the stability of
the alkaline earth metal peroxides MO2 (M 5 Ba, Sr, Ca, Mg,
Be) with respect to decomposition into the corresponding oxides
MO and molecular oxygen using Hartree–Fock and density
functional theory (DFT) techniques. A comparison between cal-
culated and experimental binding energies indicates that the
DFT method is most suitable for a correct description of the
peroxide bond. The DFT reaction energies for the peroxide
decomposition MO2 PMO 1 1

2O2 show that only BaO2 and
SrO2 are thermodynamically stable compounds, while CaO2 (in
the calcium carbide structure), MgO2, and BeO2 (in the pyrite
structure) are energetically unstable with reaction energies of
224.7, 226.8, and 2128.7 kJ/mol, respectively, and are there-
fore unlikely to exist as pure compounds. The published calcium
carbide structure for CaO2 is probably incorrect, at least for pure
calcium peroxide, since apart from the thermodynamical insta-
bility the compound is more stable in the pyrite structure by
25.5 kJ/mol. Our analysis suggests that the water and/or hydro-
gen peroxide content of experimentally prepared MgO2 samples
is necessary for the stabilization of the structure, while BeO2 is
clearly unstable under ambient conditions. We studied also the
effect of the zero point energies and the entropies on the de-
composition free energies and, for this purpose, performed atom-
istic lattice simulations based on interatomic potentials, which
we derived from our ab initio data; the results indicate a negli-
gible effect of the zero point energies, while the entropy terms
favor the decomposition reaction by ca. 20 kJ/mol at
298.15 K. ( 1998 Academic Press

1. INTRODUCTION

Of the alkaline earth metal peroxides MO
2

(M"Ba, Sr,
Ca, Mg, Be) only BaO

2
and SrO

2
have been prepared in

pure form and are well characterized. The main features of
the early structural models for these two peroxides pro-
posed by Bernal et al. (1) are based on powder diffraction
data; they were recently confirmed by single crystal X-ray
diffraction (2—4), although the peroxide bond lengths found
1To whom correspondence should be addressed.
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in the new study are appreciably longer than originally
proposed. The crystal structure of these compounds can be
considered as a tetragonal distorted rock salt structure,
usually referred to as the calcium carbide structure, space
group I4/mmm, where the calcium ions occupy the regular
cation positions and the peroxide dumbbells (O2~

2
) are

centered on the anion positions, while their alignment is
along one of the unit cell axes (c axis) of the structure leading
to the observed tetragonal distortion, as shown in Fig. 1.
Recent single crystal X-ray diffraction investigations (5, 6)
on several single crystals of BaO

2
and SrO

2
prepared by

high pressure/high temperature experiments established
that these two peroxides are nonstoichiometric (MO

2~x
)

with a proportion of the peroxide ions in the crystal struc-
ture being replaced by oxide ions. The position of the oxide
ions corresponds to the regular positions of the anions in
the rock salt structure. The degree of nonstoichiometry
varies from near-stoichiometry to compositions corre-
sponding to the replacement of 28% and 10% peroxide by
oxide in barium and strontium peroxide, respectively. Fur-
thermore, it was demonstrated (5, 6) that the peroxide bond
length varies with the peroxide content in these non-
stoichiometric peroxides.

The calcium carbide structure has also been proposed for
CaO

2
(7, 8). The structural investigations are based on pow-

der diffraction data of poorly crystalline samples and show
additional weak reflections which cannot be attributed to
the calcium carbide structure (5, 7), as shown in Fig. 2,
indicating that the crystal structure of the compound is
uncertain. We note, moreover, that the earlier structures
proposed by Kotov et al. (7) and Brosset et al. (8) have not
been confirmed. In addition, calcium peroxide has never
been prepared in a pure form: all samples contain water
and/or hydrogen peroxide, since the synthetic preparations
use water as a solvent and hydrogen peroxide as one of the
starting materials (7).

The crystal structure of MgO
2

was reported by Vanner-
berg (9) on the basis of powder diffraction data: MgO

2
,

together with the group IIb peroxides ZnO
2

(10) and CdO
2

(11), adopts the pyrite structure illustrated in Fig. 3 (space
3
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FIG. 1. The calcium carbide structure.
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group Pa31 ), which can also be derived from that of rock salt,
by siting the Mg2` (Zn2` and Cd2`) ions at the cation sites,
while the O2~

2
groups are again centred around the anion

sites and rotated by 45° from the direction of the cubic axes.
As for the case of CaO

2
, it has not proved possible to

prepare MgO
2

in a pure form, with all samples again con-
taining water and/or hydrogen peroxide from the prepara-
tion procedure (9, 12). Moreover, the question of whether
water and/or hydrogen peroxide is included as part of the
crystal structure or only physically adsorbed is not easy to
decide partly because only powder data are available for
this material (13). It is also uncertain as to whether the
presence of water and/or hydrogen peroxide is essential for
the stabilization of the crystal structure of MgO

2
or whether

it should be possible in principle to prepare the pure
material.

Budnikov et al. (14) suggested that BeO
2
might be present

in the products of the action of hydrogen peroxide on
freshly precipitated hydroxide or basic carbonates following
previous doubtful reports of the compound (15). The prep-
aration of the peroxide by the action of ozone on beryllium
hydroxide suspended in Freon 12 at !65°C was claimed
by Vol’nov et al. (16) but without giving further character-
isation of the compound. However, Wriedt (17) remarks
that BeO

2
is unstable and it is questionable whether it has

been prepared at all. The comprehensive review by Vanner-
berg (18) also failed to find any report of the formation of
BeO

2
.

In view of the many uncertainties in the experimental
data regarding these systems, we report in this paper a
detailed survey of their structures and energetics using com-
puter simulation methods. In contrast to the alkaline earth
metal oxides, there are no previous ab initio calculations
reported for the alkaline earth metal peroxides. We report in
two separate publications (19, 20) details of the electronic
structure of the stoichiometric alkaline earth metal perox-
ides BaO

2
, SrO

2
, and CaO

2
and of the structure and ther-

modynamic stability of the nonstoichiometric peroxides
BaO

2~x
and SrO

2~x
; here we focus on the thermodyn-

amical stability of the stoichiometric alkaline earth metal
peroxides MO

2
(M"Ba, Sr, Ca, Mg, Be) with respect to

decomposition to the corresponding oxides and molecular
oxygen. In order to gain reliable evidence concerning the
stability of the peroxides, we will use two different types of
arguments: first we use structural considerations, which are
based on the assumption that, in similar ionic structures, the
bond lengths should be comparable. Since, as we have seen,
the calcium carbide and the pyrite structures of the perox-
ides can easily be derived from the rock salt structure
adopted by the alkaline earth metal oxides (BeO is an
exception as it crystallizes in the wurtzite structure), we have
as a good criterion for the stability of the peroxides that the
metal—oxygen bond lengths for the oxides and the corres-
ponding peroxides are similar. Secondly, we investigate
directly the thermodynamic stability of the peroxides by
calculating internal energies and Gibbs free energies of
the peroxide decomposition reaction, where the peroxides
decompose to the corresponding oxides and molecular
oxygen.

Our paper is organized as follows: after some brief metho-
dological considerations in Section 2, we discuss in Section
3 the results of our calculations. In Section 3.1 we comment
first on the optimised geometries and draw, from structural
considerations, preliminary conclusions as to the stability of
the alkaline earth metal peroxides. Secondly, we discuss, in
Section 3.2, the energetics of the peroxide decomposition
reaction MO

2
PMO#1

2
O

2
. In order to gain an estimate

of the accuracy of our calculated energies, we consider first
the comparison between calculated and experimental bind-
ing energies of the peroxides, oxides and the oxygen mole-
cule. Afterwards, we report ab initio decomposition energies
and finally we estimate the influence of the zero point
energies and entropies on the reaction energetics. In Section 4,
we draw our conclusions regarding the structure and stabil-
ity of the alkaline earth metal peroxides on the basis of all
the results obtained in this study and our related work in
Ref. (19).

2. METHODOLOGY

Our calculations employed the ab initio techniques avail-
able in the CRYSTAL95 code (21) which uses the periodic
self-consistent field approach, where the Bloch functions are
expanded in localised basis sets of atomic orbitals; their



FIG 2. X-ray powder diffraction pattern of calcium peroxide (5). The sample was prepared according to the method described in the paper by
Riesenfeld and Nottebohm (62). Only the peaks indicated by a small arrow can be attributed to the calcium carbide structure, while the remaining peaks
cannot be indexed. They are not caused by Ca(OH)

2
or CaCO

3
impurities in the sample.
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radial factors are expressed as linear combination of Gaus-
sian-type atomic orbitals (LCAO); Hartree—Fock and
Kohn—Sham Hamiltonians are available.

In our work we used both the Hartree—Fock (HF) and
density functional theory (DFT) methods. The HF results
have been corrected by estimates of the effects of electron
correlation: having calculated the HF energy and wave
function, the correlation correction to the energy is evalu-
ated a posteriori with a density functional of the Hartree—
Fock equilibrium density, according to the generalized
gradient approximation (GGA) scheme, Perdew 91 (22, 23),
which was derived from density functional theory. Causà et
al. (24, 25) have described in detail this integration of a pos-
teriori functionals on the electronic density obtained with
the Hartree—Fock method and also the recent implementa-
tion of the DFT method in the periodical LCAO environ-
ment of the CRYSTAL95 code. Density functional
calculations are performed in the nonlocal density approxi-
mation using the Perdew—Wang, PW91, gradient corrected
exchange and correlation functionals (22, 26).
All-electron basis sets for the alkaline earth metals have
been derived from previous studies on the pure oxides
BeO (27), MgO (28), CaO (29). Hay—Wadt, small-core
pseudopotentials were used for strontium and barium as
previously derived for SrO (30) and reported elsewhere
for BaO (19). The all-electron basis set for oxygen was
taken from Ref. (31) using the exponents of 0.500, 0.149,
and 1.000 bohr~2 for the 3sp and 4sp and the 3d shells,
respectively.

As regards the computational conditions, high numerical
accuracy is required to study the stability of the peroxides
with respect to the oxides and molecular oxygen. Therefore
the following values have been used for the truncation
tolerances in the evaluation of the Coulomb and exchange
series (21, 32): 6, 8, 6, 7, 14. The reciprocal space integration
was performed by sampling the first Brillouin zone at a
regular array of 8]8]8 k points. At this level of accuracy,
numerical errors are reduced to a minimum. Further details
of our quantum mechanical calculations are given elsewhere
(19).



FIG 3. The pyrite structure.
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In order to study the effect of the zero point energies and
the entropies on the decomposition energetics, we addition-
ally performed atomistic lattice simulations using inter-
atomic potentials, employing the computer code GULP
(33, 34). After minimizing the energy of a structure with
respect to all unit cell parameters and internal degrees of
freedom, this code calculates, for the optimized structure,
TABL
Calculated and Experimentala Structural Parameters for the P

Structure) of Barium, Strontium, and Calcium: The Equilibrium
Fractional Coordinate z(O), Peroxide Bond Length dO–O, Zero
Reported for Calculations Involving Hartree–Fock, Hartree–Fock
and DFT Methods

Hartree—Fock HF#corr

MO
2

BaO
2

SrO
2

CaO
2

BaO
2

SrO
2

CaO

a
0

[As ] 3.92 3.65 3.40 3.79 3.54 3.
c
0

[A_ ] 7.00 6.69 6.56 6.69 6.39 6.
»

0
[A_ 3] 107.59 89.17 76.00 95.88 79.86 66.

z(O) 0.3964 0.3916 0.3895 0.3954 0.3905 0.
d
O~O

[A_ ] 1.45 1.45 1.45 1.40 1.40 1.
B
0

[GPa] 74.5 84.9 — 95.6 112.6 143.
B@ 4.03 4.67 — 4.26 5.16 4.

MO BaO SrO CaO BaO SrO CaO

a
0

[A_ ] 5.617 5.191 4.847 5.435 5.050 4.
B
0

[GPa] 83.4 114.7 127.0 103.5 138.2 150.
B@ 4.48 5.13 4.12 4.23 4.82 6.

aThe experimental crystallographic data for BaO
2

and SrO
2

are from Re
modulus for BaO

2
is obtained from the p—» data reported in Ref. (5) (p(5 G

experimental data are insufficiently accurate to fit a reasonable value of B@, w
materials. The bulk moduli for the oxides, which are linearly extrapolated t
second derivatives of the energy with respect to both inter-
nal and external strains. From the resulting dynamical
matrix, vibrational frequencies may be calculated, from
which the phonon density of states can be obtained. From
the latter, we may calculate a wide range of quantities,
including the zero point energy and the entropy at a speci-
fied temperature. More details of the techniques employed
in the static lattice simulations are given in Ref. (35), while
a detailed discussion of the theory of lattice dynamics is
presented in Ref. (36).

3. RESULTS AND DISCUSSION

3.1. Optimized Geometries and Structural Considerations

(a) Optimized geometries. We first consider the optim-
ized structures of the alkaline earth metal peroxides, oxides,
and the oxygen molecule; the results for latter are needed to
construct appropriate thermodynamical cycles. For BeO

2
we assumed the same crystal structure as for MgO

2
, i.e. the

pyrite structure, and for CaO
2
we performed calculations on

the calcium carbide as well as the latter structure. DFT
techniques were used for all structures, while for the calcium
carbide structure we also employed the Hartree—Fock (HF)
method and the Hartree—Fock method with a posteriori
correction of the electron correlation (HF#corr). In
Table 1, we report the optimized structural parameters for
BaO , SrO , and CaO in the calcium carbide structure and
E 1
eroxides (Calcium Carbide Structure) and Oxides (Rock Salt

Lattice Parameter(s) a0 (and c0), Unit Cell Volume V0 , Oxygen
Pressure Bulk Modulus B0, and Its Pressure Derivative B@@ are
and a Posteriori Corrections for Electron Correlation (HF1corr)

DFT Experiment

2
BaO

2
SrO

2
CaO

2
BaO

2
SrO

2
CaO

2

29 3.84 3.58 3.29 3.806 3.563 (3.54)
20 6.93 6.70 6.65 6.837 6.616 (5.92)
96 102.31 85.89 72.17 99.03 83.99 (74.2)
3871 0.3896 0.3858 0.3850 0.3908 0.3879 (0.39)
40 1.53 1.53 1.53 1.493 1.483 (1.30)
0 72.3 90.4 107.5 64.0 — —
08 5.91 4.38 3.86 (4.00) — —

BaO SrO CaO BaO SrO CaO

708 5.552 5.132 4.797 5.539 5.160 4.811
0 81.5 117.9 124.7 82.5 96.5 116.3
49 4.71 4.19 4.14 5.37 5.08 4.79

f. (5), for CaO
2

from Ref. (7), and for the oxides from Ref. (57). The bulk
Pa, ¹"298 K) by fitting them using the Vinet equation of state (58, 59); the
hich is therefore fixed at 4.00, which is justified by comparison with similar
o 0 K, and their derivatives are from Ref. (60).



TABLE 2
Calculated (DFT Method) and Experimentala Structural

Parameters for CaO2, MgO2, and BeO2 in the Pyrite Structure,
for CaO and MgO in the Rock Salt Structure and BeO in the
Wurtzite Structure: The Lattice Parameter(s) a0 (and c0), Oxy-
gen Fractional Coordinate x(O) [or z(O)], Peroxide Bond
Length dO–O, Zero Pressure Bulk Modulus B0, and Its Pressure
Derivative B@@ are Reported

DFT Experiment

MO
2

CaO
2

MgO
2

BeO
2

MgO
2

BeO
2

a
0

[A_ ] 5.45 4.91 4.30 4.839 —
x(O) 0.0800 0.0882 0.0994 0.0890 —
d
O~O

[A_ ] 1.51 1.50 1.48 1.492 —
B
0

[GPa] 99.4 132.7 224.0 — —
B@ 4.21 3.15 4.01 — —

MO CaO MgO BeO MgO BeO

a
0

[A_ ] 4.797 4.260 2.70 4.213 2.698
c
0

[A_ ] — — 4.36 — 4.380
z(O) — — 0.379 — 0.378
B
0

[GPa] 124.7 154.1 225.6 162.3 224.4
B@ 4.14 4.24 3.96 4.22 —

aThe experimental crystallographic data for MgO
2

are from Ref. (9) and
for the oxides from Ref. (57). The bulk modulus and its derivative for MgO
is from Ref. (61), and for BeO from Ref. (44).
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for the corresponding oxides (for which HF, HF#corr, and
DFT methods were used); Table 2 contains the structural
parameters for CaO

2
, MgO

2
, and BeO

2
in the pyrite struc-

ture and for the corresponding oxides (based only on the
DFT method). The calculations of the alkaline earth metal
oxides were undertaken in the experimentally observed rock
salt structure, except for BeO which crystallizes in the wur-
tzite structure (hexagonal close-packed structure; space
group P6

3
mc).

On comparing the lattice constants of the optimized
structures, using the HF, HF#corr, and DFT method, we
observe the same behaviour as found in previous publica-
tions [see e.g. Refs. (37, 38)]: the HF and DFT method,
which use GGA correlation and exchange functionals, usu-
ally overestimate lattice constants, but the error is larger in
the HF than in the DFT calculations; on the other hand, the
HF#corr method underestimates in general the lattice con-
stants with respect to the HF values and also with respect to
the experimental values. The approximate character of the
a posteriori correlation correction in the latter results in an
inaccurate estimate of the correlation contribution to the
first and second derivatives of the energy with respect to the
volume: the bulk moduli are therefore usually significantly
overestimated. In particular, we find for the oxides BaO,
SrO, and CaO, that the HF method overestimates the lattice
constants, on average by 0.9%, with respect to the experi-
mental lattice constants, while the HF#corr method under-
estimates them by 2.0% and the DFT values are close to the
experimental values (Table 1). The same behavior is found
for the peroxides BaO

2
and SrO

2
: the average deviation of

the a and c lattice parameters for the HF, HF#corr, and
DFT values from the experimental values is #2.2, !1.7,
and #1.0%, respectively, and the bulk moduli are consider-
ably higher in the HF#corr calculations as compared to
the HF or DFT values. Results for CaO

2
are discussed later.

We now turn our attention to the covalent peroxide
bond. It is well known from molecular calculations that the
DFT method, which uses GGA correlation and exchange
functionals, overestimates covalent bonds lengths [see e.g.
Refs. (39, 40), which is also observed in our study: for BaO

2
the peroxide bond length is overestimated by 2.5% by the
DFT method, while we find that the HF method underesti-
mates this bond length, in contrast to the lattice parameters,
by 2.9%; the HF#corr method underestimates this quanti-
ty by 6.2%. The same trend can be observed for the opti-
mized bond lengths in the oxygen molecule (which are not
reported in the tables): the HF, HF#corr, and DFT
method give values of 1.17, 1.15, and 1.23 A_ compared to the
experimental value of 1.207 A_ (41).

Considering our results for CaO
2
, we note first that the

calculated c lattice parameter is considerably larger with
respect to the experimental value reported by Kotov (7) in
1941, while the a lattice parameter is considerably smaller:
e.g. the DFT calculations which give, as we have seen, the
most accurate description of the cell parameters, predict
values that differ by !7.0% (a lattice parameter) and
#12.3% (c lattice parameter) from the experimental
data. We note that none of the other crystal structures
studied here with the DFT method had errors which
were larger than #1.3%. We emphasize furthermore, as
already commented in the Introduction, that the experi-
mental data were obtained using powder diffraction
techniques on poorly crystalline samples. The powder
diffraction pattern contained additional reflections which
could not be attributed to the tetragonal unit cell (5, 7). In
the light of our calculations and the uncertainties surround-
ing the experimental data, it appears likely that CaO

2
may

crystallize in a different structure or may even be unstable in
a pure form. The next section considers its structure in
detail.

We note, finally, that the features which we found for the
DFT method, namely, the relatively close agreement of
experimental and calculated lattice parameters and the
overestimation of the peroxide bond lengths, are of course
also valid for the peroxides in the pyrite structure and for
the corresponding oxides of calcium, magnesium, and beryl-
lium, as is evident from Table 2.

(b) Structural considerations. After having optimized the
geometry of the oxides, peroxides, and the oxygen molecule,



108 KO® NIGSTEIN AND CATLOW
we can now analyze the calculated (and also experimental)
structures in more detail and from our analysis of the
metal—oxygen bond lengths we are able to comment on the
stability of the different alkaline earth metal peroxides. Our
structural considerations are based on the general observa-
tion that in stable ionic materials, bond lengths of a given
type are usually comparable. Therefore, a peroxide structure
is very likely to be unstable if the metal—oxygen bond
lengths differ considerably from the metal—oxygen bond
lengths in the corresponding oxide. We also use the less
widely employed argument of bond compressibilities. We
would generally expect, for a stable crystal structure, that
the bond compressibilities for individual bonds decrease
when we move from the oxides or peroxides of the heavier to
those of the lighter alkaline earth metal oxides or peroxides
with the same crystal structure. Furthermore, we expect
that, for stable peroxides, the metal—oxygen bond compres-
sibilities are higher than in the corresponding oxides, since
the peroxides are less dense than the close-packed oxides.

We first consider barium and strontium peroxide in the
calcium carbide structure and the corresponding oxides
(Table 3[A]). We examine only the values obtained from
our DFT calculations. We note that the metal ions in the
peroxides with the calcium carbide structure are surrounded
by ten oxygen ions with two different metal—oxygen bond
lengths, as is evident from Fig. 1, where we see two equiva-
lent bonds pointing along the c direction and eight other
TABLE 3
Calculated (DFT Method) and Experimental (Exp.) Metal–

Oxygen Bond Lengths [A_ ] for the Peroxides and Oxidesa

Barium Strontium Calcium

[A] Bond DFT Exp. DFT Exp. DFT Exp.

MO
2

M—O (2]) 2.700 2.672 2.585 2.566 2.560 2.23b

M—O (8]) 2.823 2.793 2.645 2.626 2.452 2.61b

M—O (H) 2.798 2.769 2.633 2.614 2.474 2.53b

MO M—O (6]) 2.776 2.770 2.566 2.580 2.399 2.406

Calcium Magnesium Beryllium

[B] Bond DFT DFT Exp. DFT Exp.

MO
2

M—O (6]) 2.371 2.113 2.08 1.826 —
MO M—O (6]) 2.399 2.130 2.107 1.647 (3]) 1.647 (3])

1.652 (1]) 1.656 (1])

aThe references for the experimental data are given in Tables 1 and 2.
M—O (H) indicates the average M—O bond length in the peroxides. [A]
Peroxides in the calcium carbide structure; [B] Peroxides in the pyrite
structure.

bIt is assumed that the O—O bond length is 1.47 A_ . (The values for
peroxide bond lengths were too short in older publications: compare e.g.
Ref. (1) and (5) for BaO

2
and SrO

2
.)
(equivalent) bonds. In order to compare the metal—oxygen
bond lengths of the peroxides more easily with those of
the oxides, we also report in Table 3[A] the average
metal—oxygen bond lengths for the peroxides in the calcium
carbide structure. We find, in general, very good agreement
between calculated and experimental metal—oxygen bond
lengths in both the oxides and peroxides: the errors are
usually less than 1%. Furthermore, we find that the average
metal—oxygen bond length in the peroxide is always either
nearly the same (as in BaO

2
) or slightly longer (as in SrO

2
)

than the corresponding quantity in the oxides. The two
metal—oxygen bonds of the peroxide, pointing along the
crystallographic c axis [M—O (2])], are smaller for BaO

2
by about 0.1 A_ than the metal—oxygen bond in BaO, while
for SrO

2
these two bond lengths are nearly equal. We note

that, as we have shown elsewhere (19), our calculations yield
a compressibility of the metal—oxygen bonds pointing along
the crystallographic c axis which is 62% higher for BaO

2
than for SrO

2
. We emphasize that the peroxide bond which

also points along the c axis is, on the other hand, rigid, i.e. it
shows, in all the peroxides investigated, only a negligible
compressibility compared to the compressibility of the
metal—oxygen bonds. The remaining eight metal—oxygen
bonds [M—O (8])] are up to 0.08 A_ (3%) longer in BaO

2
and SrO

2
than in BaO and SrO.

For CaO
2
, in the calcium carbide structure, we have

a completely different picture: while the calculated M—O
(8]) bonds are longer than in CaO, as we also found for
BaO

2
and SrO

2
, the calculated M—O (2]) bonds are, in

contrast to BaO
2

and SrO
2
, considerably longer (7%) than

in CaO and also clearly longer than the M—O (8]) bonds,
indicating the instability of the structure. The instability is
also confirmed by the M—O (2]) bond compressibility from
CaO

2
which is higher in CaO

2
than in SrO

2
, as discussed in

Ref. (19). We note, furthermore, that the calculated two
metal—oxygen bonds of the peroxide pointing along the
crystallographic c axis [M—O (2])] are nearly equal in
CaO

2
and in SrO

2
(as is, of course, the case for the cal-

culated c lattice parameter of CaO
2

and SrO
2
, as shown in

Table 1), from which it is clear that we have anion—anion
contacts in the proposed calcium carbide structure of CaO

2
and therefore a strong repulsive force in the c direction
between the peroxide ions leading to the instability of the
crystal structure. This is also confirmed by charge density
plots which show that the density between the two peroxide
groups pointing along the c axis of the unit cell is higher
in CaO

2
(0.015 au) than in SrO

2
(0.010 au) and BaO

2
(0.010 au).

We now consider the experimental bond lengths for
CaO

2
. The experimental M—O (2]) bonds are smaller than

those in CaO by 0.18 A_ , which suggests that the calcium-
oxygen bond lengths are questionable in the peroxide: the
M—O (8]) bonds are on the other hand considerably longer
(8%) than in CaO, leading to differences between the M—O
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(2]) and M—O (8]) bonds, in the same crystal structure, of
0.38 A_ which are unrealistically high. It is also worth men-
tioning that Vannerberg (18) concluded, from ionic radii
considerations, that there must be anion—anion contacts in
the experimentally proposed crystal structure of CaO

2
. This

analysis underlines the uncertainties in the reported CaO
2

structure.
We turn now to the peroxides with the pyrite structure

reported in Table 3[B]. We find that for CaO
2

and MgO
2
,

the metal—oxygen bond lengths are nearly the same in the
peroxides and oxides, which indicates, especially for CaO

2
,

that the pyrite structure is probably more stable than the
calcium carbide structure. In contrast we find for BeO

2
that

the metal—oxygen bond lengths are considerably longer
(0.18 A_ or 11%) than in BeO showing that BeO

2
is obvious-

ly unstable in the pyrite structure, a point which we confirm
later when we discuss the energetics of the peroxides. We
also note that the same conclusion concerning the instabil-
ity of BeO

2
in the pyrite structure can be obtained from

ionic radii considerations. In particular Vannerberg (18) has
shown that the ionic radius of beryllium is too small for the
compound to be stable with the pyrite structure.

In order to complete the picture of the peroxides in the
pyrite structure, we report, in Table 4, the calculated bond
compressibilities for CaO

2
, MgO

2
, and BeO

2
and for the

corresponding oxides, following the similar analysis for the
peroxides BaO

2
, SrO

2
, and CaO

2
in the calcium carbide

structure given in Ref. (19). We note, first, that the bond and
cell edge compressibility decrease, as we would expect, in the
order CaO

2
'MgO

2
'BeO

2
. But secondly, we find that

the calculated metal—oxygen bond compressibility in BeO
is by 14% longer than the corresponding quantity in the
peroxide (the two slightly different M—O bonds in the
wurtzite structured BeO show nearly the same bond com-
pressibility). This behavior contrasts with that of the other
TABLE 4
Coefficients D1 and D2 of the Parabolic Approximation

r/r0 5 1 2 D1p1D2p2, Fitted Using the Least-Squares Method
for the Pressure Dependence of the Lattice Constants and Bond
Lengths (DFT Calculations)a

Calcium Magnesium Beryllium

Compound D
1

(TPa~1) D
2

(TPa~2) D
1

(TPa~1) D
2

(TPa~2) D
1

(TPa~1) D
2

(TPa~2)

MO
2

a/a
0

3.14 28 2.40 17 1.13 3

d
O~O

/d0
O~O

1.54 14 0.82 0 0.68 1

d
M~O

/d0
M~O

3.33 30 2.55 19 1.18 3

MO

d
M~O

/d0
M~O

2.33 15 1.82 9 1.34 5

aValues are reported for the peroxides (pyrite structure) and oxides of calcium, magne-

sium, and beryllium. The coefficient D
1

is equal to the first-order bond or cell edge

compressibility.
two oxides, where their bond compressibility is always
smaller than in the peroxides and once more demonstrates
the instability of BeO

2
.

3.2. Energetics of the Peroxide Decomposition

(a) Binding energies. In order to estimate the accuracy
of the calculated energies with the HF, HF#corr, and DFT
methods, we report in this section first the binding energies
of the oxides, the peroxides, and the oxygen molecule ob-
tained with the different methods and compare these values
with experimental data. In the next section, we report de-
composition energies in order to gain evidence concerning
the stability of the different peroxides.

The binding energies at 0 K under static conditions were
calculated as the differences between the total crystal ener-
gies per formula unit (or the energy of the isolated oxygen
molecule) and the energies of the constituent isolated atoms.
The HF, HF#corr, and DFT binding energies are reported
in Table 5, together with the experimental values and the
calculated total energies for individual atoms, the peroxides,
the oxides, and the oxygen molecule. Atomic energies and
the energy of the oxygen molecule were obtained from the
calculations using the same basis set as for the crystal
calculations, but supplemented by two additional diffuse
shells, the exponents of which were optimized. The corre-
sponding experimental values of the binding energies
[E0

B
(exp.)] were derived by appropriate Born—Haber ther-

mochemical cycles of the type

E0
B
(exp.)"*H298

&
!(H298!H0)!E0

7*"

!+
i

[*H298
!,i

!(H298
i

!H0
i
)].

The sum is extended to all chemical elements in the formula
unit. All values involved are reported in Table 6. Formation
enthalpies *H298

&
of the oxides, sublimation (M), and dis-

sociation (O
2
) enthalpies *H298

!
and the enthalpy changes

H298!H0 for all chemical species involved were taken from
Ref. (42). The zero point vibrational energies E0

7*"
of all

oxides were estimated using the Debye model; the Debye
temperatures of 232, 401, 605, 945, and 1280 K for BaO,
SrO, CaO, MgO, and BeO, respectively, are from Refs. (43)
and (44); E0

7*"
of the oxygen molecule was calculated using

the ab initio quantum chemistry package DMOL2 (45), the
methodology of which was described by Delley (46). In the

2The basis set for the spin-polarized optimization was a DNP (double-
numerical plus polarization). The calculations were performed using a fine
integration grid and the functionals BP (Perdew—Wang 1991 correlation
functional and Becke’s 1988 version of a gradient corrected exchange
functional).



TABLE 5
Total Energies per Formula Unit (Hartree) and Binding Energies (kJ/mol) for Individual Atoms, the Peroxides, Oxides, and

the Oxygen Moleculea

Total energies (Hartree) Binding energies (kJ/mol)

HF HF#corr DFT HF HF#corr DFT Experiment

E(O) !74.8089 !75.0625 !75.0540
E(Ba) !24.8957 !25.2058 !25.2244
E(Sr) !30.0966 !30.4236 !30.4223
E(Ca) !676.7239 !677.5677 !677.5280
E(Mg) !199.6046 !200.0520 !200.0428
E(Be) !14.5635 !14.6580 !14.6372
E(BaO) !99.9277 !100.5904 !100.6507 !586.0 !845.6 !977.7 !974.8
E(BaO

2
) !174.7763 !175.7408 !175.8393 !689.9 !1076.7 !1330.8 !1308.2

E(SrO) !105.1421 !105.8175 !105.8342 !620.9 !870.0 !939.6 !1006.3
E(SrO

2
) !179.9770 !180.9538 !181.0162 !689.2 !1063.8 !1275.7 !1305.6

E(CaO) !751.8061 !752.9980 !752.9902 !717.5 !965.6 !1071.7 !1067.5
E(CaO

2
) !826.6135 !828.1077 !828.1473 !713.3 !1089.8 !1342.3 (!1336.3)

E1:3*5%(CaO
2
) !828.1570 !1367.8

E(MgO) !274.6766 !275.4690 !275.4677 !690.7 !930.7 !973.7 !1008.9
E1:3*5%(MgO

2
) !350.6239 !1242.1 (!1268.0)

E(BeO) !90.1491 !1202.2 !1200.6
E1:3*5%(BeO

2
) !165.2665 !1368.6

1
2
E(O

2
) !74.8348 !75.1213 !75.1665 !67.7 !154.4 !295.4 !251.2

aHartree—Fock (HF), a posteriori for electron correlation corrected Hartree—Fock (HF#corr), DFT and experimental values are reported. The energies
for the peroxides BaO

2
, SrO

2
, and CaO

2
refer to the calcium carbide structure; additionally we report for CaO

2
, MgO

2
, and BeO

2
DFT energy values in

the pyrite structure. The experimental values are obtained from thermodynamical cycles with the data of Table 6.
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case of the peroxides, Debye temperatures or elastic con-
stants to derive the zero point energies and heating enthal-
pies are not available and the binding energies were
therefore calculated only from the formation enthalpies
*H298

&
of the peroxides (18, 47) and the sublimation (M) and

dissociation (O
2
) enthalpies *H298

!
. We emphasize that the

experimental formation enthalpies for CaO
2

and MgO
2

are
unreliable, since they cannot be prepared experimentally
without a significant water and/or hydrogen peroxide con-
tent as commented in the Introduction. The experimental
binding energies for CaO

2
and MgO

2
are therefore placed

in brackets in Table 5.
TABL
Formation (DH298

f ), Sublimation or Dissociation (DH2298
a ) and He

(E0
vib) Used in the Thermodynamical Cycles Yielding the Experim

kJ/mol)

Ba Sr Ca Mg Be O

*H298
&

*H298
!

180.0 164.4 177.8 147.1 324.0 249.2
E0
7*"

H298!H0 5.736 4.998 1.950 6.725
The Hartree—Fock binding energies are, as expected, very
much underestimated with respect to the experimental
values (31), i.e. by 32—40% for the oxides and by 47% for the
peroxides. Consequently the Hartree—Fock results are of
little use in calculating the decomposition energies. The
error, due to the neglect of the electron correlation contribu-
tion to the energies, can be corrected substantially using an
a posteriori estimate based on density functional theory
(22, 23): the absolute values of the HF#corr binding ener-
gies are now lower than the experimental values by ca.
80—140 kJ/mol (8—14%) for the oxides and by 240 kJ/mol
(18%) for the peroxides. On the other hand, it is striking
E 6
ating (H2982H0) Enthalpies and Zero Point Vibrational Energies
ental Binding Energies (See Text for References) (Units are in

BaO SrO CaO MgO BeO O
2

!548.0 !592.0 !634.9 !601.6 !609.4 0.0

4.34 7.50 11.3 17.7 23.9 9.020
6.75 5.160 2.837 8.680



TABLE 7
Reaction Energies DER(MO2) for the Reaction

MO2PMO 1 1
2O2

a

Experiment

HF HF#corr DFT Ref. (50) Ref. (51) Ref. (52)

*E
R
(BaO

2
) 36.2 76.4 58.0 75.6 76.2 75.0

*E
R
(SrO

2
) 0.3 39.4 40.7 53.4 40.2 50.5

*E
R
(CaO

2
) !71.9 !30.5 !24.7 (16.0) (15.1)

*E1:3*5%
R

(CaO
2
) 0.8

*E1:3*5%
R

(MgO
2
) !26.8

*E1:3*5%
R

(BeO
2
) !128.7

aHartree—Fock (HF), a posteriori for electron correlation corrected Har-
tree—Fock (HF#corr), DFT, and experimental values (kJ/mol) are re-
ported. We calculated from the experimental reaction enthalpies, *H

R
,

reaction energies *E
R

according to the formula *E
R
"*H

R
!p*»

R
+

*H
R
!1

2
R¹"*H

R
!1.2 kJ/mol (R is the gas constant, T is the experi-

mental reaction temperature: ¹"298.15 K). The temperature depend-
encies of *E

R
are assumed to be negligible. The energies for the peroxides

BaO
2
, SrO

2
, and CaO

2
refer to the calcium carbide structure; additionally

we report for CaO
2
, MgO

2
, and BeO

2
DFT energy values in the pyrite

structure.
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that the absolute error for the peroxides BaO
2

and SrO
2

is
nearly twice as large as for the oxides; the difference of the
errors in the binding energies of BaO

2
and SrO

2
with respect

to BaO and SrO is 105 kJ/mol. It follows that electron
correlation is more important in peroxides than in oxides
and self consistent (not a posteriori) calculation of the electron
correlation energies via the DFT method is therefore desir-
able for a good description of the energetics of the peroxides.
The binding energies of both the oxides and the peroxides
calculated with the DFT method are in very good agreement
with experimental values with the deviations from experi-
ment being only in the range of 0 and 3%, with the exception
of SrO, the binding energy of which is underestimated by
6.6%. However, we note that we have now a small overes-
timation of the binding energies of BaO

2
and SrO

2
compared

with that of BaO and SrO of ca. 20 and 37 kJ/mol.
We turn now to the binding energies of the oxygen mol-

ecule. It is well known that the binding energies calculated
for diatomic molecules are not satisfactory using the Har-
tree—Fock method (48, 49), which underestimates the bind-
ing energy of the oxygen molecule by more than 70% and
the underestimation remains still approximately 40% when
the correlation energy is included by an a posteriori calcu-
lation; on the other hand the DFT method overestimates
this energy value by 18%. This has two important conse-
quences: first, the underestimation of the binding energy of
the oxygen molecule in the HF#corr method is approxim-
ately cancelled by the underestimation of the binding energy
of BaO

2
relative to BaO or SrO

2
relative to SrO. Secondly,

the overestimation of the binding energy in the oxygen
molecule with the DFT method is similarly partially cancel-
led in the calculation of decomposition energies by the
overestimation of the binding energies of the peroxides
relative to the oxides.

We have seen that correlation plays an important role in
the peroxides and its inclusion is more important in the
peroxides than in the oxides. Both the HF#corr and DFT
method lead to large errors in the binding energies of the
oxygen molecule, but these errors cancel at least partially
the errors in the binding energies of the peroxides with
respect to the corresponding oxides. Therefore it is, in prin-
ciple, possible to use the HF#corr and the DFT method for
the calculation of the peroxide decomposition energies and
we will see in the next section that both methods give indeed
similar energies for these reaction. Since, however, the abso-
lute and relative errors of the binding energies are consider-
ably smaller in the DFT method than in the HF#corr
method, we consider the former to be most reliable for the
calculation of binding energies and therefore also for the
calculation of reliable decomposition energies and will use it
exclusively for the peroxides in the pyrite structure.

(b) Ab initio decomposition energies. We now investi-
gate directly the thermodynamic stability of the peroxides.
The energies of the decomposition reaction *E0
R

of the
peroxides MO

2
PMO#1

2
O

2
at zero pressure and 0 K in

static conditions were computed as differences between the
total crystal energies per formula unit of the oxide and the
peroxide plus half of the energy of the isolated oxygen
molecule. The thermodynamic stability of a peroxide at
0 K is indicated by a positive reaction energy, while a nega-
tive *E0

R
indicates instability. We stress that the calculation

of these reaction energies is challenging, since their absolute
values are smaller than the values of the binding energies by
a factor of usually more than 20, and therefore even the
small errors in the binding energies of the oxides and perox-
ides can cause large errors in the reaction energies. The
Hartree—Fock, Hartree—Fock plus a posteriori correlation
correction, and DFT decomposition reaction energies are
reported in Table 7 together with the available experimental
values (50—52) for BaO

2
, SrO

2
, and CaO

2
. (We note again

that CaO
2
cannot be prepared experimentally without a sig-

nificant water and/or hydrogen peroxide content. The ex-
perimental decomposition energies are therefore unreliable
and placed in brackets in Table 7.)

We consider, first, the decomposition energies of BaO
2
,

SrO
2
, and CaO

2
in the calcium carbide structure and

later the same quantities for CaO
2
, MgO

2
, and BeO

2
in

the pyrite structure. Both the HF#corr and the DFT
calculations predict correctly that BaO

2
and SrO

2
are ther-

modynamically stable compounds. For SrO
2
, the decompo-

sition energies agree very well with the experimental values
of Vedeneev et al. (51), while for BaO

2
the HF#corr values

are also in very good agreement with experiment (50—52) but
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the DFT values are too small by about 18 kJ/mol. The HF
values disagree with the experimental values, as expected
from the inaccurate binding energies obtained with the HF
method. We note that the peroxide decomposition energy
for the HF#corr calculations on SrO

2
is in excellent agree-

ment with the corresponding DFT quantity, while for BaO
2
,

the HF#corr reaction energy is larger than the DFT value
by 18 kJ/mol, but still in relatively good agreement consid-
ering the considerable errors in the HF#corr binding ener-
gies. This agreement is due to a similar cancellation of errors
in the HF#corr and DFT methods as discussed above: the
absolute errors in the peroxides are, in both methods, as we
have seen, fortunately close to the sum of the absolute errors
in the oxides plus half of that in the oxygen molecule. It is
difficult to estimate the accuracy of the reaction energies
with respect to the experimental values because of the un-
certainties in the measured enthalpies, but nevertheless we
assume from the above comparison between calculation and
experiment that the maximum error is unlikely to be more
than 20 kJ/mol.

The most interesting result is that the decomposition
energy for CaO

2
is clearly negative, i.e. CaO

2
is, even at 0 K,

thermodynamically unstable with respect to decomposition
to CaO and O

2
. This result confirms the conclusions from

our previous structural considerations and is not changed
even if we assume the upper value of $20 kJ/mol for the
uncertainty in our calculated DFT reaction energies.

Turning our attention now to the decomposition energies
of CaO

2
, MgO

2
, and BeO

2
in the pyrite crystal structure,

calculated with the DFT method and also reported in Table
7, we note first that CaO

2
in this structure is 25.5 kJ/mol

more stable than in the calcium carbide structure. We also
note that the relative stabilities of CaO

2
in the calcium

carbide and the pyrite structure do not, of course, depend on
the calculated binding energy of the oxygen molecule, which
is substantially overestimated in the DFT calculations. We
conclude therefore that calcium peroxide is more stable in
the pyrite structure (or in another energetically even more
stable structure) and that the calcium carbide structure
published by Kotov et al. (7) and Brosset et al. (8) is incor-
rect, at least for pure calcium peroxide without water and/or
hydrogen peroxide content. However, pure CaO

2
appears,

even in the pyrite structure, to be unstable at room temper-
ature, if we take entropy terms into account (as we discuss
below).

For MgO
2
, we obtained the expected result that the pure

compound is also thermodynamically unstable. Our results
suggest that the experimentally reported content of H

2
O/

H
2
O

2
in MgO

2
samples (9, 12) is necessary for the stabiliz-

ation of the compound. Finally, BeO
2

has a huge negative
decomposition energy of !129 kJ/mol, which means that it
is completely unstable in the pyrite structure, and in view
of the magnitude of this term it is certainly not possible,
as in the case of MgO , to stabilize the compound with
2

H
2
O/H

2
O

2
. BeO

2
is clearly unstable and will not exist

under ambient conditions, a conclusion which is entirely
compatible with our analysis of metal—oxygen bond lengths
reported earlier.

(c) Estimate of the zero point energies and entropies. We
now address the thermodynamics of the peroxide decompo-
sition reaction in more detail. In the discussion above, we
considered only the (internal) reaction energies *E0

R
at 0 K;

but to study the temperature dependence of the reaction
MO

2
PMO#1

2
O

2
, we must take entropy terms into ac-

count as well and consider the Gibbs free energies *G298
R

of
the reaction:

*G298
R

"*H298
R

!¹*S298
R

"*E0
R
#*E0

7*"
#(E298!E0)

MO
!(E298!E0)MO

2

#1
2

(H298!H0)O
2
!¹*S298

R
. [1]

We introduced here, with negligible error, the approxima-
tion E298!E0+H298!H0 for the oxides and the perox-
ides. *E0

R
are the ab initio reaction energies, *E0

7*"
are the

contributions of the zero point vibrational energies, and
!¹*S0

R
are the contributions of the entropies to the Gibbs

free energies of the peroxide decomposition reaction.
E298!E0, (H298!H0) are the energy (enthalpy) changes
consequent upon raising the temperature from 0 to
298.15 K. These terms correspond to the vibrational contri-
butions to the (internal) energies at temperatures above 0 K.

In order to obtain estimates for the entropies, zero point
energies and energy changes with the temperature of the
oxides and peroxides (in the calcium carbide structure) of
barium, strontium, and calcium, we performed atomistic
lattice simulations based on interatomic potentials. We cal-
culated, from the phonon frequencies, of an optimized struc-
ture, these quantities at 298.15 K. The first step for these
calculations was to derive a suitable set of interatomic
potentials for the alkaline earth metal peroxides, since there
are no potentials published. We derived a consistent set of
interatomic potentials for the oxides and peroxides by fit-
ting using an energy hypersurface obtained from previous
periodic ab initio calculations (5) on the peroxides BaO

2
,

SrO
2
, and CaO

2
using the plane-wave, pseudopotential

method available in the code Plane—Wave (53) [the
pseudopotential method which was reviewed by Payne et al.
(54) was used]. For the fitting procedure, we simply used
formal charges for all the ions. The general procedure for the
determination of interatomic potentials from ab initio data
was described by Gale et al. (55). We report the complete set
of atomistic interatomic potentials in Table 8. The mini-
mized crystallographic parameters, calculated using these
interatomic potentials, are shown in Table 9: the errors in



TABLE 8
Atomistic Buckingham M–O Potentials, E 5 Ae2r/p 2 C/r6,

for the Peroxides (Calcium Carbide Structure) and Oxides of
Barium, Strontium, and Calcium, and the Intramolecular Morse
Potentials, E 5 De((1 2 e2a(r2r0)2

!1), Acting within the Perox-
ide Bonds

M—O2~
2

Buckingham potentials O2~
2

—O2~
2

Morse potentials

M A (eV) o (A_ ) C (eV A_ 6) D
%

(eV) a (A_ ~1) r
0

(A_ )

Ba2` 588.31 0.4030 0.0
Sr2` 819.08 0.3459 0.0
Ca2` 247.74 0.3996 0.0
O2~

2
(BaO

2
) 22764.3 0.1490 253.59 2.4193 2.0984 1.5211

O2~
2

(SrO
2
) 22764.3 0.1490 33.057 2.3672 2.0139 1.5563

O2~
2

(CaO
2
) 22764.3 0.1490 0.0000 3.0835 1.5684 1.5976

M—O2~ Buckingham potentials

M A (eV) o (A_ ) C (eV A_ 6)

Ba2` 1464.41 0.3666 0.0
Sr2` 959.58 0.3680 0.0
Ca2` 672.02 0.3690 0.0
O2~ 22764.3 0.1490 0.0019

TABLE 9
Crystallographic Parameters of BaO2, SrO2, and CaO2 in the

Calcium Carbide Structure and of the Corresponding Oxides
Calculated from Atomistic Lattice Simulations Using the Poten-
tial Parameters of Table 8; Experimental Values Are Also
Reported (for References see Table 1)

Atomistic lattice simulations Experimental values

MO
2

BaO
2

SrO
2

CaO
2

BaO
2

SrO
2

CaO
2

a
0

[A_ ] 3.785 3.499 3.276 3.806 3.563 (3.54)
c
0

[A_ ] 6.802 6.582 6.446 6.837 6.616 (5.92)
d
O~O

[A_ ] 1.476 1.480 1.480 1.493 1.483 (1.30)

MO BaO SrO CaO BaO SrO CaO

a
0

[A_ ] 5.506 5.105 4.754 5.539 5.160 4.811
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the calculated lattice constants and peroxide bond lengths
are generally smaller than 1% (with the exception of CaO

2
of course).

Next, we consider the results from the atomistic lattice
simulations. The entropies, zero point vibrational energies,
and energy changes with the temperature of the oxides, the
peroxides, and the oxygen molecule at room temperature
(¹*"298.15 K) are reported in Table 10, together with the
contributions of the reaction entropies (!¹**S298

R
), zero

point energies (*E0
7*"

) and energy changes [*(E298!E0)
R
]

to the Gibbs free energies and the Gibbs free energies *G298
R

for the reaction MO
2
PMO#1

2
O

2
(M"Ba, Sr, Ca). The

zero point energy of the oxygen molecule was calculated
using the ab initio quantum chemistry package DMOL (45),
as described earlier; for the entropy and energy change with
TABLE
Calculated Entropies (S298), Zero Point Vibrational Energies (

Peroxides, Oxides, and the Oxygen Molecule; Available Experime
Reference Temperature is T* 5 298.15 K

MO

M S298 [J/molK] E0
7*"

[kJ/mol] E298! E0 [kJ/m

Ba 55.93 (72.1) 8.77 (4.34) 8.37
Sr 49.32 (54.4) 9.73 (7.50) 7.79
Ca 40.10 (38.1) 11.46 (11.3) 6.84 (6.7
O

2
molecule (205.15) 9.02 (8.680)!

aH298!H0 [kJ/mol].
the temperature we took the experimental values of the
oxygen molecule (42). In the same table we report also
experimental entropies for the oxides, the energy change
with the temperature for CaO (42) and the zero point
energies for the oxides estimated by the Debye model. We
note, first, that the agreement between experimental and
calculated entropies, zero point energies and energy changes
is good for CaO and SrO. Although the deviations are
considerably larger for BaO, it is probable that *S298

R
,

*E0
7*"

, and *(E298!E0)
R

are not affected heavily by this
error, because we are dealing here with differences and the
errors for BaO and BaO

2
should be of a similar magnitude.

Furthermore, we can see that, in all three reactions, the
entropy terms favour the decomposition reaction, mainly
because the entropy term of the gaseous oxygen molecule is
much larger than that of the solid oxides and peroxides,
whose entropies additionally cancel each other at least par-
tially. The average entropy contribution to the Gibbs free
energies of the peroxide decomposition reaction at 298.15
K is about 20 kJ/mol. We can, of course, calculate the
10A
E0

vib), and Energy Changes with Temperature (E298 2 E0) of the
ntal Values Are Given in Brackets (See Text for References); The

MO
2

ol] S298[J/molK] E0
7*"

[kJ/mol] E298!E0 [kJ/mol]

85.36 14.50 12.74
74.96 16.23 11.81

5) 88.51 14.65 12.45



TABLE 10B
Contributions of the Reaction Entropies (2T**S298

R ), Zero
Point Energies (DE0

vib), and Energy Changes [*(E298
!E0)R] to

the Gibbs Free Energies and the Gibbs Free Energies DG298
R for

the Reaction MO2PMO1 1
2 O2 (M 5 Ba, Sr, Ca) (All in

kJ/mol)

!¹**S298
R

*E0
7*"

*(E298!E0)
R

*G298
R

M
Ba !21.8 !1.2 $0.0 35.0
Sr !22.9 !2.0 #0.3 16.1
Ca !16.1 #1.3 !1.3 !40.8
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decomposition temperatures ¹$%#, for which *G298
R

"0. It
follows from Eq. [1] by neglecting the energy changes with
temperature and assuming that the temperature depend-
encies of *S298

R
are negligible:

¹$%#"
*E0

R
#*E0

7*"
*S298

R

[2]

Using Eq. [2] and the DFT values for *E0
R
, we calculate for

BaO
2

¹$%#"504°C (777 K) and for SrO
2

¹$%#"231°C
(504 K). These temperatures are somewhat too small com-
pared with the experimental values for complete disintegra-
tion of ca. 780°C for BaO

2
and 400°C for SrO

2
obtained

from DTA/TG measurements (13, 56). If we use the
HF#corr value for *E0

R
for BaO

2
, which is 18.4 kJ/mol

larger than the DFT value, then we calculate ¹$%#"755°C
(1028 K) and obtain a good agreement with the temper-
atures from DFT/TG measurements. On the other hand, if
we compare our calculated DFT decomposition temper-
atures with the latest values in the ‘‘Handbook of Chemistry
and Physics’’ from 1996 (42), which are ¹$%# (BaO

2
)"

450°C and ¹$%# (SrO
2
)"215°C and refer to the onset of the

decomposition reaction, then we find that our calculated
temperatures are in very good agreement with these experi-
mental values, suggesting that our decomposition temper-
atures and our calculations of the reaction energies *E0

R
and

reaction entropies *S298
R

are reasonable.
We turn now to the calculated zero point energies, *E0

7*"
,

and energy changes with temperature, *(E298!E0)
R
, for the

peroxide decomposition reaction, which are also reported in
Table 10. We can see that their values are relatively small
and that they are not therefore significantly important for
the energetics of the peroxide decomposition reaction. Fi-
nally, we calculated the Gibbs free reaction energies, *G298

R
,

for the peroxide decomposition reaction according to Eq.
[1]. The Gibbs free reaction energies for BaO

2
and SrO

2
are

positive, confirming their stability at room temperature,
while for CaO

2
the decomposition reaction energy is

negative (!40.8 kJ/mol). Pure CaO
2

(without H
2
O/H

2
O

2

content) is therefore thermodynamically unstable, not only
at 0 K, as discussed above, but the instability increases with
increasing temperature, because the entropy term becomes
larger.

4. CONCLUSIONS

The study has amplified considerably our understanding
of the energetics of the alkaline earth metal oxides and
peroxides and of the peroxide decomposition reaction. In
particular, we emphasize the following aspects of our work.

f The comparison between calculated and experimental
binding energies indicates that the DFT method and, within
limitations, also the Hartree—Fock method with an a poste-
riori correction for the electron correlation are suitable for
a correct description of the peroxide bond, for which the
Hartree—Fock method is, however, unsuitable.

f The DFT binding energies show, for the alkaline earth
metal oxides and peroxides, an impressive agreement with
experimental data.

f The DFT reaction energies of the peroxide decomposi-
tion MO

2
PMO#1

2
O

2
show that only BaO

2
and SrO

2
are thermodynamically stable compounds, while CaO

2
(cal-

cium carbide structure), MgO
2
, and BeO

2
(pyrite structure)

are energetically unstable with reaction energies of !24.7,
!26.8, and !128.7 kJ/mol, respectively, and are therefore
unlikely to exist as pure compounds.

f CaO
2

is by 25.5 kJ/mol more stable in the pyrite
structure than in the calcium carbide structure. The cal-
culated values of the lattice constants and bond lengths
of CaO

2
in the calcium carbide structure give further sup-

port for the instability of CaO
2

in the latter structure;
they differ substantially from questionable literature
data. We conclude, therefore, that the published calcium
carbide structure for CaO

2
is incorrect, at least for the pure

compound.
f Our analysis suggests that the reported water and/or

hydrogen peroxide content of experimentally prepared
MgO

2
samples appears to be necessary for the stabilization

of the crystal structure.
f BeO

2
is clearly unstable and will not exist under ambi-

ent conditions.
f Atomistic simulations predict a negligible effect of the

zero point energies on the decomposition energetics, while
the entropy terms favor the decomposition reaction by ca.
20 kJ/mol at 298.15 K.

Overall the study shows the value of ab initio calculations
in probing the structure and stability of oxide materials of
this type.
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