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Abstract

The thermodynamics of the gas-phase O, dimerization have been computed in terms of
partition functions, supplied with parameters from quantum-chemical ab initio computa-
tions. Two different evaluations of the dimerization energetics have been employed and
three different isomers of the dimer considered. In both sets the non-linear structures
co-exist at temperatures relevant for atmospheric conditions. Enhancement of heat
capacity through this isomeric interplay is quite large at very low temperatures. For the
total dimerization equilibrium constant an interval, in which the true value should be
present, is suggested.

INTRODUCTION

Recently, we reported [1,2] computations of the formation thermo-
dynamics for the (N,), and N,-O, complexes; now we finalize the series
with a similar treatment of the (O,), complexes. Although the complexes
have been studied by both experimental and theoretical approaches [3-17],
not too much is known about their thermodynamic stabilities. Moreover,
there has been a growing interest in molecular complexes present in the
atmosphere [18-22] so that an estimation of the populations of such species
has become quite useful. Under atmospheric conditions such complexes are
primarily important in atmospheric spectroscopy but they can also play a
role in atmospheric chemistry processes. In fact, the complexes are
important not only in the Earth’s atmosphere but also in some planetary
atmospheres.

This study aims at evaluation of the O, dimerization equilibrium
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constant purely from quantum-chemical calculations, i.e. without any input
information originated from observation (with the exception of the
universal constants and atomic masses).

COMPUTATIONS

The target of this study is the O, dimerization equilibrium constant K, in
terms of the partial monomeric and dimeric pressures p;

_Pow
K, = 3. (1)
for the gas-phase dimerization process
20,(g) = (02)(g) @)

The K, term is evaluated by means of partition functions supplied with
parameters from ab initio computations [23]. With respect to the amount of
the computed information available, the partition functions are of the usual
rigid-rotor and harmonic-oscillator (RRHO) quality.

The molecular orbital calculations were carried out [23] using the
GAUSSIAN 90 program package [24]. Structure and vibrations were computed
at the Hartree-Fock (HF) level in the standard 6-31+G* basis set. The
dimers were treated in the quintet electronic states and the monomer in the
triplet state. The dimerization energetics was further refined by means of
the fourth order Mgller—Plesset (MP4) perturbation treatment. The basis
set superposition error (BSSE) was estimated by the counterpoise method
[25]. It creates two sets of energetics, A and B (Table 1).

In fact, the HF/6-31+G* geometry optimization [23] revealed three dif-
ferent energy-minimum structures: linear D.,,, T-shape C,,, and rhomboid
C,n. Although a partial dimerization constant can be computed for each
of the isomers, their sum, i.e. the total equilibrium constant, is primarily
important for the atmospheric application. However, in the B case two

TABLE 1

Changes in potential AE and ground-state AHg energy for O, dimerization

Method ® Acronym  Dimer AE/kJ mol™ AHS [kImol™
MP4/6-31 + G* A D, —-4.75 —-2.65

C,, -2.92 —2.43

Con —-2.41 —2.04
MP4/6-31 + G* and BSSE B D, —-0.59 1.51

C,, —-0.47 0.02

Can -0.47 —-0.10

® See ref. 23 for computational details.
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ground-state energy changes AHg are positive. Although it might be a real
fact, however, it could create (in combination with the RRHO partition
functions) a wrong temperature dependency of the computed K, terms.
Therefore, we neglected the harmonic vibrational contributions in the B
case, i.e. we dealt with the AE terms and translational and rotational
partition functions only.

RESULTS AND DISCUSSION

The dimeric stabilities are primarily determined by the dimerization
energetics and rotational-vibrational motions. Although the precise
dimerization energetics is virtually unknown, it can be expected between
the A and B values. Therefore the K, terms are evaluated for both
estimations of the energetics (Table 2). There is, however, a considerable
difference between both series of the computed dimerization equilibrium
constants. One can, at least, expect the true K, value somewhere between
both bounds, and this result itself can be useful in the applications.
Temperature dependency of the total K, term is more pronounced in the B
treatment. Clearly enough, a further computational effort is needed in
order to obtain still more reliable values of the dimerization energies. The
BSSE treatment is [26, 27] after all only an approximation, and thus further
computations will employ still larger basis sets.

Table 2 reports the dimerization equilibrium constant evaluated in the A
and B approaches. The equilibrium constants are presented for partial and
the total dimerization processes. However, in an application, most probably
one shall deal with the total dimerization [28-30]. Owing to the differences
between the A and B techniques, the values of the equilibrium constants
differ substantially; however, we can understand the values as upper and
lower bounds.

Table 2 in fact also allows for a relative stability reasoning; however the
inter-isomeric stabilities are treated in Table 3 in more detail. In fact, there
is an interesting common feature. In both cases, the linear species is
important only at very low temperatures, while at higher temperatures the
C,, and C,, species coexist and dominate. This is particularly true with the
temperature region relevant for atmospheric conditions. Table 3 points out
several points of relative-stability interchange in the low temperature
region. In both A and B treatments the C,, isomer becomes the most
populated species in the high temperature limit.

Such variability in relative stabilities has to be seen in the overall heat
capacity term. Indeed, there is a maximum in isomerism contributions to
the heat capacity at very low temperature (Table 3); this maximum is
especially pronounced in the A case. A similar maximum is also exhibited
by the total molar heat capacity Cy term for O, at slightly higher
temperature. For example, in the A case the maximum C; value
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TABLE 2

Temperature dependence of the calculated dimerization equilibrium constant®
K, =p(02)Z/P%)2

T/K K, = (p(oy,/P5,)/atm™
Term A B
50.0 D., 9.35% 1072 221 x10°*
Cs, 5.19 x 10° 124 x107?
Cop, 5.81 x 10° 1.41x 1073
Total 1.11 x 10} 2.87 %107
100.0 D..,, 1.81x107? 9.70 x 107°
Cs, 3.33x 107! 890 x10°°
Con 6.68 107" 1.01x10™*
Total 1.00 x 10° 2.00x107*
150.0 D, 5.70x107* 1.86x10°°
C,, 1.57x 107! 219%x10°°
Con 385x 107" 250x10°°
Total 543 % 107! 487%x10°°
200.0 D., 357x10°* 6.04 x 1077
C,, 1.18 x 107! 8.43x10°°
Con 3.18x 107" 9.60 X 10°°
Total 4.36x 107! 1.86 X 107°
250.0 D., 2.88x107* 2.58x1077
Cy 1.04x 107! 4.09x10°°
Con 2.99%x 107! 4.65x10°°
Total 403%x10°! 8.99x107°
298.15 D, 2.63%x107* 1.33x1077
Csy 9.90 x 107 2.32x10°°
Con 2.96 x 107! 2.65x10°°
Total 3.95% 107" 510%x107°
300.0 D., 2.62%x107* 1.30x 1077
(o 9.89x 107 228x10°°
Con 2.96x 107" 259x10°°
Total 3.95x 107" 5.00x 1078

* The standard state — an ideal gas at 1 atm = 101 325 Pa pressure.

(82.0J K 'mol™?) is formed by the isomeric enhancement to the extent of
some 54%.

The finding of isomeric co-existence has a value for understanding the
observations; it indicates a still more complex structure of molecular
spectra. The finding of isomeric co-existence should not be changed by
computing at a higher methodological level. Nevertheless, in spite of the
relatively low temperatues considered, there is still a problem with the
quality of the partition functions applied. Although their approximation is
quite simple, it is the only possibility applicable with respect to the amount
of the computed information available. It is however clear that a more
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TABLE 3

Temperature dependence of the equilibrium mole fractions w; of the (O,), isomers *

T/K wil % 8C,,*/IK "mol™’
D, Cy, Con
Case A
13.0°¢ 48.8 48.8 2.4 44.0
14.8° 36.8 58.5 4.8 454
20.3¢ 15.2 69.6 15.2 39.2
45.6°¢ 1.1 49.5 49.5 12.6
50.0 0.8 46.8 524 104
100.0 0.2 33.2 66.6 0.2
150.0 0.1 29.0 70.9 -2.1
200.0 0.08 27.0 729 -3.0
250.0 0.07 25.8 74.1 -34
298.15 0.07 25.1 74.9 -3.6
300.0 0.07 25.1 74.9 -3.6
Case B
54° 74.0 11.9 14.1 17.6
10.6° 35.0 30.1 35.0 9.4
11.5¢ 31.7 31.7 36.7 8.5
50.0 7.7 43.1 49.2 4.2
100.0 4.9 44.5 50.7 4.1
150.0 38 45.0° 51.2 4.1
200.0 32 45.2 51.5 4.1
250.0 2.9 454 51.7 4.1
298.15 2.6 45.6 51.8 4.1
300.0 2.6 45.6 51.8 4.1

*Isomerism contribution to heat capacity related to the structure most stable in low
temperature region, i.. to the linear isomer. ® Maximum in the 8C,, term. °Point of
two-structure equimolarity.

advanced approach at a later stage should deal with a direct summation of
levels from vibrational problems in a realistic, at least four-dimensional,
anharmonic potential. This should be connected with a further improve-
ment of the quantum-chemical part of the computations, concerning both
the basis set and correlation part.
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