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Theoretical calculations have been made to predict the standard heat, entropy, and free energy of
formation of Ca(O,),. It is concluded that while the free energy of formation of Ca(O,); is strongly
negative over the temperature range 100 to 550°K, the compound is thermodynamically unstable relative

to CaO and CaO;.

Introduction

Attempts to synthesize calcium superox-
ide, Ca(0;),, have failed to yield a pure
product (1-4) and it has been suggested (3)
that in those cases where Ca(O,), is reported
the O; anions are present in a matrix of
lower oxides. With the exception of brief
comment by Margrave (5), suggesting that
Ca(0,), is expected to be unstable, nothing
has been published concerning the ther-
modynamic properties of Ca(O;),. The
present work was undertaken to predict the
standard heat, entropy, and free energy of
formation of Ca(Q,), in order to establish its
thermodynamic stability relative to the lower
oxides of calcium.

Theoretical Approach and Discussion of
Results

Since Ca(0,), is assumed to be an ionic
compound, by analogy with known superox-
ides, the standard heat of formation,
AH 208, can be determined by use of a

* Present address: Phillips Petroleum Co., R & D
Division, Bartlesville, Okla. 74004.
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Born—-Haber cycle in the following manner,

AHof,298 = AHsub +IP+2xEA

298
+U + J AC,dT, (1)
0
ac, = Cpc.(oz)z(s) ~Cocaw ™ 2Cp°2(‘)’

where AH,, is the heat of sublimation of
calcium at 298°K, C, is the molar heat
capacity, IP is the ionization potential of
calcium, EA is the electron affinity of O,, and
U is the lattice energy of Ca(0,),. With the
exception of the lattice energy and the heat
capacity of Ca(0,), all of the quantities in
Eq. (1) are well known.

The lattice energy, U, can be determined
using the classical Born—-Meyer method for
an ionic solid (6). According to this method
the lattice energy is represented as

U=N"-a¢l(r), 2)

where N is the Avogadro’s number. The
potential function ¢(r) gives the energy per
molecule as a function of the interionic
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distance r and is expressed as

Me?

80)= TS B g )
where M is the Madelung constant, e is the
electronic charge, C is a constant charac-
teristic of Ca(0;),, B(r) is a potential
function, and ¢, is the zero-point energy of
Ca(0,),. The expression given by Ladd and
Lee (7) can be used to represent the repul-
sive potential B(r)

B(r)=b exp(~r/p), (4)

where b is the intensity parameter and p is
the range parameter. Substitution of Eq. (4)
into Eq. (3) gives

M C
$(r)= ————5+b exp(~r/p) + do.

r6
(5)

The parameter » in Eq. (5) can be
eliminated by recognizing that at the
equilibrium interionic distance ro,

a¢

ar =0. (6)

r=ro

Differentiation of eq. (5) and evaluation of
the result at ro, lead to the expression

Me* 6C
b exp(—ro/p) = [—,§—+7—]p. %

0

Thus, at the equilibrium interionic distance,
ro, Eq. (5) can be written as
Me* C [Me® 6
—=t|=t 7 |ptéo
ro ro

ro ro

_ M [1—3]—96 [1—6?] + bo.

ro To ro 0
(8)

For simple ionic solids the van der Waals
term, C/rg, usually corresponds to 1-3% of
the lattice energy (8) although calculations
by D’Orazio and Wood (9) indicate that this
interaction can be about 5% of the lattice
energy for the alkali metal superoxides.

¢(rg)=—

However, as we shall see later, the ratio p/r,
for Ca(0,), is about 0.13. Thus the term in
the second set of braces in Eq. (8)is 0.22, and
the second term in Eq. (8) constitutes not
more than about 1% of the lattice energy.
Furthermore, the zero-point energy, ¢, is
about 1% or less of the lattice energy and this
term is opposite in sign to that of the second
term. The combined contribution of the last
two terms in Eq. (8) is negligibly small
compared to the first term, with the result
that Eq. (8) can be approximated by

b(ro) = ~ M -2 ®

ro ro

To determine the Madelung constant for
Ca(0,), it is first necessary to establish the
crystal structure of the solid. A useful guide
for this purpose is the ratio of anion to cation
radii, r./ r.. A value of 0.97 A is taken for the
radius of Ca’*(8). The radius of Oj is
evaluated as 1.64 A, using the measured heat
of formation and crystal structure of
NaQ; (10). These figures yield a value of
1.69 for r./r., which suggests that Ca(Q,), is
likely to have a rutile-type crystal lattice. On
the basis of this conclusion, the Madelung
constant for Ca(0,), is chosen to be the same
as that for rutile. In doing so we have taken
advantage of the fact that Madelung
constants for two ionic solids of the same
crystal structure will be the same. For the
present work a value of M =4.79 was used
(11).

For simple crystals the range parameter p
does not vary by more than 2-3% (12). Asa
result the value of p for Ca(O5), is taken to be
0.32 A by analogy with values for alkali
halides (12). The equilibrium distance r, is
simply the sum of », and r. and is equal to
2.63 A. Introduction of the values of M,
ro, and p leads to a value of U=
—532.2 kcal/mole.

The next step in evaluating AH 595 is to
determine the magnitude of 4C,. An
approximate guide for estimating specific
heats for unknown solids involving gaseous



THERMODYNAMIC CALCULATIONS FOR Ca(Q0,); 99

reactants has been given by Kubaschewski et
al. (13). For a reaction such as

A (s)+xB, (g)=AB, (s),
ACG, = CPABZX ® CPAm_x ’ CPBz(g)
= 3x cal/(°C)(mole). (10)

In the case of NaO, (s), Eq. (10) yields a
value of AC, which is within 20% of the
value calculated from experimentally
determined specific heats for NaO; (s), Na
(s), and O, (g) at 25°C. For KO, the cal-
culated value of AC, differs by 50% from
that determined using the experimental
specific heats. The effect of a 50% error in
AG, is to introduce an error of 8% in the G,
for KO, (s) if it is calculated from AC, and
the C, of K (s) and O, (g). It is anticipated
that a similar level of error should hold for
Ca(0,): (s)-

As afurther assumption AC, for Ca(O,), is
considered to be constant between 160 and
500°K. This assumption is based on the
following observations. Over the specified
temperature range, the specific heat of oxy-
gen varies by only 6% while that for calcium
varies by less than 3%. Thus the variation in
the specific heat of Ca(O;), should be no
more than a few percent. Such a conclusion is
found to be valid for NaO, and KO, (14).
Furthermore, evaluation of the term
containing AC, indicates that it contributes
no more than 2 to 3% to the magnitude of
AHof,zgg.

The heat of formation of Ca(O5,), at 298°K
can now be evaluated from Eq. (1). The
magnitude of each term in the Born-Haber
cycle together with its source is given in
Table I. A final value of AH°;95=
—94 .4 kcal/mole is obtained.

The standard entropy of formation at
298°K, A4S°29s, can be determined using
Latimer’s ion contribution technique (15).
This procedure is based on the assumption
that for ionic solids the entropy at 298°K can
be evaluated by a summation of the contri-
butions from the cation and anion. Since the

TABLE 1

VALUES OF THE TERMS APPEARING IN Eq. (1)

Value
Term (kcal/mole) Source
AH,,, for Ca at 298°K 40.3 (16}
IP for Ca as Ca** 414.5 (18)
EA for O, as O, -10.1 (18)
U for Ca(0,), —532.2 Eq. (2)
0
J AC, dt 3.2 Eq. (10)

298

entropies of NaQ, and KO, at 298°K are
known, the contribution due to O; can be
calculated by subtracting the contribution
due to Na® and K", respectively. The
contributions due to O; calculated for these
two superoxides differ by 7.5%. An arith-
metic mean of the two values was taken for
the present calculations. No further cor-
rection was made to this figure to account for
the higher valence of Ca®" relative to Na* or
K. The entropy contribution of Ca®" was
taken from Latimer’s calculation (15) and
the entropies of Ca (s) and O, (g) from stan-
dard references (16, 17). The final value of
AS°:19s obtained by this procedure is
—58.37 e.u.

Using the information developed above,
the standard free energy of formation, AG°;r
can be evaluated at different temperatures
from the equation

T

AG}T=A4H ;08 + J. AC, dT
298

T

A
—T[AS°,,298+j —C—;—‘ﬂ]. (11)

298

A plot of AG®;r versus T is shown in Fig. 1.
Free energies of formation are also shown for
CaO and CaO, in the same figure. Data for
these two oxides were taken from the lit-
erature (16, 18). For CaO, the standard free
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FIG. 1. Standard free energies of formation of
Ca(0,), CaO, and CaO, as functions of temperature.

energy of formation was not available for
temperatures below 298°K. Below this
temperature, standard free energy was
linearly extrapolated (dotted line).

It is observed that AG°;r for Ca(0O,), is
highly negative for the entire temperature
range considered. However, the values of
AG% r for CaO or CaQ; are even more
negative than that for Ca(O,), over the same
temperature range. For example, at room
temperature AG°;,r for Ca(O,), is about
65 kcal less negative than the values for CaO
or Ca0,. Corresponding differences at other
temperatures are of similar magnitude. This
means that the thermodynamic driving force
for conversion of Ca(O),), to CaO and CaO»,
is extremely large. Thus, even if Ca(O,),
were formed it would be expected to de-
compose to CaO or CaO; unless the kinetics
of the decomposition were very slow.
The repeated failure to synthesize pure
Ca(0O.), under a variety of conditions sug-
gests that the reaction products always
achieve the most thermodynamically stable
form.
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