Thermochimica Acta, 173 (1990) 171-176 171
Elsevier Science Publishers B.V., Amsterdam

O4(g): THE PRESENT STATE IN COMPUTATIONAL EVALUATION
OF ITS THERMODYNAMICS *

ZDENEK SLANINA **
Max-Planck-Institut fiir Chemie (Otto-Hahn-Institut), Mainz (F.R.G.}
(Received 9 May 1990)

ABSTRACT

The thermodynamics of formation of Og(g) have been studied on the basis of recent ab
initio data. Particular attention has been paid to the interesting temperature-dependent
interconversion of the two isomers forming this system. The trimer appears to be practically
undetectable under the conditions of temperature equilibrium with O,(g).

INTRODUCTION

Oligomerism of sulphur atoms is well known and has also been much
studied theoretically (see, for example, refs. 1-3). Analogous oligomeric
configurations of oxygen greater than O, have so far been studied only
sporadically, the van der Waals dimer (O,), being the subject of investiga-
tion [4]. Quite recently, however, Blahous and Schaefer [5] have presented an
ab initio self-consistent field (SCF) study of the O; system. In terms of three
different basis sets (STO-3G, double zeta (DZ), and double zeta plus
polarization, (DZP)) they showed that there are two local energy minima on
the hypersurface of O, namely the chair (D,;) and twist (D,) forms.
Starting from the computational data of ref. 5, the present study carries out
an evaluation of the thermodynamics of formation of Og with particular
reference to the interconversion of the two isomers.

TEMPERATURE DEPENDENCE OF THE INTERCONVERSION OF THE TWO
ISOMERS OF O,(g)

For the DZ and DZP approximations, ref. 5 gives structural and energetic
data and harmonic vibrational frequencies for both isomers. This enables
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TABLE 1
Temperature dependence of the weight factor  wy of the chair (Dyy) structure of O4(g)
T(K) wy (%) °
DZ° DZP ¢

100 100.0 (100.0) 100.0 (100.0)

298.15 100.0 (100.0) 100.0 (100.0)

500 100.0 (100.0) 100.0 (100.0)
1000 98.6 (99.8) 99.8 (100.0)
1500 90.7 (98.2) 974 (99.5)
2000 783 (95.3) 90.9 (98.2)
3000 57.0 (88.1) 72.6 (93.5)
3493 ¢ 50.0 (84.8) -
4729 ¢ - 500 (84.4)

? In addition to the RRHO values, the simple Boltzmann factors are given in parentheses.
® The mole fraction of the chair isomer in its equilibrium mixture with the twist isomer.
 See ref. 5 for a description of the computational approximation.

4 Temperature of equimolarity in the w, terms (w; = w, = 50.0%).

evaluation of the relative stabilities of the species in terms of the usual
approximation of rigid rotor and harmonic oscillator (RRHO) to the parti-
tion function [6].

A fairly considerable separation exists between the two isomers in terms
of their potential energies: about 50 and 67 kJ mol ™! in the DZ and DZP
approaches, respectively. It is useful to follow the mutual populations of
both isomers in the equilibrium mixture in terms of their mole fractions
(weight factors) w;, whose relation to partition functions is well known
[7-9). Table 1 presents the temperature dependence of the weight factor of
the chair structure in both approximation schemes considered. At low and
medium temperatures the chair form predominates, but at higher tempera-
tures the population of the twist form cannot be neglected. If we accept the
applicability of the RRHO approximation at high temperatures, we can
show that there exists a temperature at which the relative populations of
both isomers is equal (i.e., w; =w, = 50%). The twist isomer is the more
stable form above this equimolarity point.

If all the differences in rotational-vibrational partition functions between
the two isomers, as well as those in the contribution of vibrations to
zero-point energy, were omitted, the weight factors w; would be reduced to
simple Boltzmann factors based on the potential energy differences alone
[7-9]. Table 1 shows that these simple Boltzmann factors are inadequate
approximations of the weight factors w,, and hence the differences in
rotational-vibrational motions between the two isomers are also significant
in thermodynamical respects.
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ISOMERISM CONTRIBUTION TO THE THERMODYNAMICS OF O4(g)

In a number of other contexts it was shown [10-12] that thermodynamic
functions of an equilibrium mixture of isomers generally differ from those
corresponding to any individual isomer. Consequently, it is necessary to
consider, besides the partial terms resulting from the individual structures,
the overall terms corresponding to the equilibrium mixture of these isomers
taken as a single pseudospecies. It has been shown to be useful to introduce
the so-called isomerism contributions to thermodynamic functions, defined
as correction terms which when added to the value of thermodynamic
functions of a chosen isomer give the overall terms corresponding to the
equilibrium mixture of isomers. (Thus, generally, these isomerism contribu-
tions depend on the reference isomer chosen—conventionally the most
stable structure at low temperatures.)

Table 2 illustrates the temperature dependences of the isomerism contri-
butions 8§ X%, related to the chair structure as the reference isomer (which
is conventionally assigned the index 1 [10-12]), for three fundamental
thermodynamic functions: enthalpy (X = H), entropy (X = §), and heat
capacity at constant pressure (X = C,). Obviously, these correction factors
are significant for any of the thermodynamic terms when considered at
higher temperatures in both of the methodologies used (DZ and DZP).

Whereas the isomerism contributions to enthalpy and entropy increase
monotonically with temperature, the correction 8C/5® for heat capacity
exhibits a distinct temperature maximum. In the DZ and DZP approxima-
tions this maximum lies at 1882 K and 2519 K, and attains the magnitude of
12.8 J K7! mol™! and 12.6 J K~ mol ™}, respectively. The shape of this

TABLE 2

Temperature dependencies of isomerism contributions ® to enthalpy, 8H{*?, entropy 85{,
and heat capacity at constant pressure, 6Cp(f§°), of O4(g)

T (K) DZ?® Dzp®

SH{is) 88 8CH SH{ 8§ s 8CHO
100 §x107%  8x107%  s5x1072  4%107¥ 4x107M  3x107%
29815  6x107 2%x107¢ 4x1073 1x10° 4x10~° 9x10~¢8
500 2x107? 4x%1073 4x1072 4%x107°  9x107F 1x10~3
1000 0.68 0.80 4.02 0.12 0.14 0.98
1500 4.62 3.89 11.2 1.7 1.36 5.90
2000 10.8 7.45 12.7 6.02 3.80 10.9
3000 21.4 11.8 8.16 18.2 8.73 11.7

* Related to the chair (Ds4) structure as the reference isomer 1; H{ in kJ mol~?, §S{&=
and 8C$* in JK™" mol™%,
® See ref. 5 for a description of the computational approximation,
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curve is in accordance with earlier findings concerning other isomeric
systems [10-12].

THERMODYNAMICS OF Og(g) FORMATION

From a chemical standpoint, of course, it is interesting to evaluate the
stability of O with regard to O,, i.e. in two partial equilibria:

30,(g) = Og(Dsq; 8) 1)
30,(g) = Os(D;; g) )
and one overall equilibrium;

30,(g) = O4(8) 3)

Here the crucial term is the enthalpy of these processes at absolute zero
temperature (i.e. the heat of formation of the individual forms of Og at
absolute zero). For determination of this term Blahous and Schaefer [5]
adopted two thermodynamic cycles, homodesmotic (H) and hyperhomo-
desmotic (HH). The purpose of these cycles was to compensate for errors in
the correlation energy in the SCF calculations used (which, of course, do not
take this effect into account). It was shown, however, that there exist
considerable differences between the heats of formation obtained by the H
and HH approaches.

Table 3 presents a survey of the standard thermodynamic functions for
reactions (1)-(3) in terms of the DZP approximation for the H and HH
evaluations of the heat of formation. The thermodynamic characteristics of
0, (g) were taken from ref. 13. The values of the overall equilibrium constant
for the formation of O4(g) appear to be much too low in both the H and HH
approaches. Although it is true that the population of O, at a chosen
temperature must also be followed as a function of the total pressure of the
gaseous mixture, it is nevertheless obvious that the degree of association at
the temperatures considered in Table 3 is too low, and experimental detec-
tion of this species cannot reasonably be expected. (This remains true even
when possible dissociation of O, at high temperatures is taken into account
through balance considerations.)

CONCLUSION

Exclusively on the basis of calculated characteristics [5] of the two isomers
of O4(g), the possibility of a temperature interchange of their stability has
been shown. Values of thermodynamic functions of their equilibrium mix-
ture (at least at some temperatures) can be non-negligibly affected by the
interplay of the two isomers. Available energy data indicate very low
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thermodynamic stability of O,(g), but nevertheless, a final judgement on this
necessitates the evaluation of correlation contributions to energy terms [5].
The present study is only concerned with the conditions of gas-phase
thermodynamic equilibrium, and hence its conclusions cannot be applied
directly to other conditions, e.g. observation of the Oy species isolated on
solid matrices.
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