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Dimerization equilibrium constant for the ClO radical.
State-of-the-art wide-temperature-interval thermodynamics
of species related to ozone depleting ¢
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Abstract

The recently computed energetics and molecular parameters of the components of the
Cl0 /Cl1,0,(g) system are employed in evaluation of the ClO radical dimerization thermo-
dynamics. The computed data have been partly refined in order to reproduce observed
dimerization equilibrium constants. An analytical extrapolation formula is suggested, repre-
senting the best contemporary tool for the equilibrium constant K, estimation log, K, =
—3.644—1142/T? +3704/ T — 1.580 log,,T +1.048xX1073T —1.058 X 10~ 7T 2, with K, in
atm~! and temperature 7 in Kelvin. The formula has been constructed for a wide
temperature interval between 50 and 1000 K. Within the treatment, the computationally
predicted isomerism (CIOOCI, CICIO,, or CIOCIO structure) is considered accordingly. The
recommended extrapolation formula represents an input information for further applica-
tions, especially in ozone-depletion mechanism elucidation.

INTRODUCTION

The gas-phase dimerization of the ClO radical has been studied quite
recently [1-5] by computational means which supplied useful information
not obtainable from the available observations of the ClO/Cl,0, system
[6-18]. Experimental data [13,18] on thermodynamics of the radical dimer-
ization

2C10(g) = C1,0,(g) 1)

are available for a rather narrow temperature interval so that an extrapola-
tion for temperatures outside the interval would be connected with some
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uncertainty. Extrapolation for still lower temperatures is particularly inter-
esting with respect to the supposed role of the system (1) in ozone-deple-
tion mechanisms [19-21]. Data at higher temperatures can generally be of
use in radical chemistry.

Computational studies [1-5] revealed one interesting feature of the
Cl,0, species, namely its isomerism. Three local minima (all of them
non-planar and singlet electronic states) were found [1,3] on the potential
energy hypersurface. Chlorine peroxide CIOOCI (C, point group of sym-
metry) was found to be the lowest in potential energy, followed by hyperva-
lent chloryl chloride CICIO, (C; symmetry) and finally by unsymmetrical
(C)) hypervalent chlorine chlorite CIOCIO. The thermodynamic conse-
quences of the isomerism have already been considered [5] (using the
calculated energetics [3,5]) and interesting effects were found. Meanwhile,
a third source of the system energetics has been published [4]. The present
study compares all three computational energetics [3-5] and recommends
the current best evaluation of the equilibrium constant of reaction (1) (in a
form of analytical function of temperature). In addition, isomerism effects
are studied within the newest energetics [4].

COMPUTATIONS

The equilibrium constant

K=£S‘29_2

P

2
P<2:10 ( )
represents a key quantity in our computations. It can be calculated [22] in
terms of partition functions and energetics. With respect to the available
extent of information, the partition functions are to be of the rigid-rotor
and harmonic-oscillator (RRHO) quality. If we accept the computational
fact [1-5] of C1,0, isomerism and impose thermodynamic equilibrium
between the isomers, i.e. considering the dimer as one complex pseu-
dospecies, the equilibrium constant K, becomes a quantity of composed,
overall nature. The overall equilibrium constant K, is however simply
related to the partial (one isomer) equilibrium constants K i

3
K,= ; K, (3)

where i stands for the C,, C; or C; isomer.

In the present study, three sets of dimerization and isomerization ener-
getics are employed; Table 1 gives the dimerization ground-state energy
changes AH;7 for the C, and C; isomers. Two sets originated from ab
initio calculations and are coded in this report by MCRH [1,3] and SRBT
[4]. The third energy set was derived [5] from a generalization of so-called
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TABLE 1

Survey of the considered calculated ClO dimerization energetics * for CIOOCI and CICIO,
H b
isomers

Approach Source AHG? AHZS® Acronym
(kJ mol~1) (kJ mol~1)

Ab initio [3] —-66.20 —61.18 MCRH

Ab initio [4] -79.27 —46.83 SRBT

Fitting [5] -69.53 —66.64 RTIn/9

2 Ground-state energy changes, i.e. enthalpy changes at the absolute zero temperature,
AHg for dimerization to CIOOCI (C, symmetry, AHg3) or CICIO, (C, symmetry, AH3).
b The third isomer (CIOCIO with C; symmetry) is always located in the ground-state energy
scale about 31 kJ mol~! above the C, one (as suggested in refs. 1 and 3).

third-law analysis combining the nine observed K, values [18] with the
thermodynamic-potential changes calculated from molecular parameters
[3,11,12] in order to best reproduce the Gibbs energy changes. This fitting
procedure is coded here by RTIn /9. For simplicity, the energy of the third
isomer (C, symmetry) was described in a unified way in all three sets,
namely as being higher in ground-state energy than the C, structure by
about 31 kJ mol~! (as found by MCRH [3]).

The overall equilibrium constant K, for each of the three energy sets
was calculated within a wide temperature interval from 50 to 1000 K and
the values were fitted to the following six-term analytical form

B C
logloKp=A+F+—]—,+D log,, T+ ET + FT? (4)

The interplay of the three isomeric forms of the dimer can be studied
still more comprehensively than suggested by eqn. (3). Mole fractions w; of
the three isomers in their equilibrium mixture are related to the partition
functions g; and energetics as follows [22-24]

q; exp[ ~AHS,/(RT)]

(5)
g; exp[ —AH/(RT)|

o8

j=1

In analogy to the equilibrium constants, the partial and overall quantities
can be considered for any thermodynamic term, X. The standard partial
terms AX;® belong to processes dealing with the individual isomers, the
overall terms A X to processes in which the equilibrium isomeric mixture
acts as one pseudo-species. In addition to the partial and overall terms a
third quantity has been introduced [22-24], the so-called isomerism contri-
butions to thermodynamic terms 8.X, related to the reference structure 1,
defined as

X, =AXF - AX? (6)
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TABLE 2

Expansion coefficients in the six-term analytical form ? for temperature dependence of the
ClO(g) dimerization equilibrium constant K, b

Energetics A B C D E F

MCRH —2.291 —1407 3524 —2278 2131x107% —4.968x1077
SRBT 0.2515 —185.7 4140 —3274 2141x10°%* —2210x10~7
RTIn/9 —3.644 -1142 3704 —1.580 1.048x107% —1.058x10~7

® loggK,=A+ B/T*+C/T+ Dlog,,T + ET + FT?.
 The related standard-state choice — an ideal gas at 1 atm = 101325 Pa pressure; K p in
atm™!, T in K.

Specific formulae for enthalpy (X = H), entropy (X = §) and heat capacity
at constant pressure (X = C,) are given elsewhere [22-24].

RESULTS AND DISCUSSION

Table 2 presents the expansion coefficients for the analytical form given
in eqn. (4) for the three considered energy sets. It has already been pointed
out [5] that the ab initio MCRH energetics produces a systematic underes-
timation with respect to the observed data [13,18]. The newer ab initio
SRBT data [4], in contrast, lead to systematic overestimation. The third
energetics, the RTIn/9 fitting, produces a fairly smooth interpolation
through the observed values [13,18] which is in agreement with the nature
of the fitting treatment used [5]. Figure 1 documents the behaviour within

— T(K)
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L 1L ! 1

{ T T
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Fig. 1. Observed values [13,18] of the ClO(g) dimerization equilibrium constant (%) and the
RTIn /9 calculated dependency depicted in two temperature intervals.
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Fig. 2. Temperature dependences of the weight factors w; for Cl,0, isomers evaluated in
SRBT energetics; the upper and lower parts refer to the two- and three-membered isomeric
mixtures, respectively. The order of the w; terms at 1000 K is (from the highest to the
lowest) C,, C, (the upper part) and C,, C,, C, (the lower part).

two temperature intervals. Naturally, the last mentioned energetics repre-
sents the best tool for further extrapolation and thus, the analytical
expression with the RTIn/9 expansion coefficients is highly recommended
for any further use. Interestingly enough, the RRHO approximation of
partition functions is not critical in conjunction with the RTIn /9 energetics
as an inter-compensation mechanism operates within the fitting applied.

The newer SRBT ab initio energetics [4] was never tested for isomeric
interplay effects. Hence, this report ends with such a study, even though it
is not important for our primary aim — the resulting K, extrapolation
formula deals with the RTIn /9, not the SRBT, energetics. However, in the
SRBT energetics (Table 1) the two higher isomers are very close in energy,
this being quite an interesting situation from the methodical point of view.
In fact, in the applied conjunction with the MCRH C, separation energy,
the latter species is even more stable in the ground-state energy than the
C, one, by about 1.5 kJ mol . Figure 2 presents the temperature depen-
dences of the weight factors w; for two-membered (C, and C,) and
three-membered (C,, C, and C,) isomeric sets. It is clearly evident that the
C, species becomes important at high temperatures, in contrast to the C,
structure which is otherwise close in energy. The C, structure finally
exhibits even higher relative stability than the deepest C, minimum.
However, temperatures relevant for the stability interchange are too high
from a practical point of view.

Figure 3 shows the temperature evolution of the isomerism contributions
(eqn. (6)) to the enthalpy, entropy and heat capacity terms. Again, compari-
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Fig. 3. Temperature dependences of the isomerism contributions to enthalpy 6 H,, entropy
8S; and heat capacity at constant pressure §C,, (relaxation [23,24] term) or 8C,, ,
(isofractional [23,24] term, broken lines) for the C1,0, isomeric system evaluated in the
SRBT energetics; the contributions are related to the C, species as the reference structure.
In each related pair of curves the higher and lower refer to the three- and two-membered
isomeric mixture, respectively (compare Fig. 2).
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Fig. 4. The upper part: temperature dependences of the partial (broken lines) and overall
standard enthalpy changes for ClO(g) dimerization evaluated in the SRBT energetics (the
partial-term order at 1000 K is C, (highest), C, and C, (lowest)). The lower part:
temperature dependences of the partial (broken lines) and overall standard entropy changes
for C1O(g) dimerization evaluated in the SRBT energetics (the partial-term order at 1000 K
is C, (highest), C, and C, (lowest)).
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Fig. 5. The upper part: temperature dependences of the standard molar heat capacity at
constant pressure for the pure C, isomer (broken line, the partial C,° term) and for the
equilibrium mixture of the three isomers of Cl,0, (solid line, the overall C;> term)
evaluated in the SRBT energetics. The lower part: temperature dependences of the partial
{broken lines) and overall standard changes in heat capacity at constant pressure for ClO(g)
dimerization evaluated in the SRBT energetics (the partial-term order at 1000 K is C,
(highest), C; and C, (lowest)).

son is made for the two-membered (C, and C,) and three-membered (C,,
C, and C,) isomeric sets, providing further evidence of the importance of
the C, species at high temperatures. There is an interesting feature in the

TABLE 3

Characterization of some distinguished * points of the Cl,0, isomeric interplay within the
SRBT energetics

Type T w, b ow,® w® 8C,, ¢ CP 8C,, /CP
x® ® % % 0K JK!' (%
mol™")  mol™)

Cross 1530 472 56 472 128 94.9 13.5
M:5C,, 1007 767 27 205 217 102 212
M:CE 1036 748 29 223 217 103 211
M:% 1000 773 27 201 217 102 212

# Cross, point of two-isomer equimolarity; M:6C,, | maximum in the isomerism contribution
to heat capacity 8C,, ,; M:Cp9 maximum in the standard overall heat capacity at constant
pressure C.”; M:% maximum of the relative enhancement §C,, / C;> of the C;> term by
isomeric interplay.

® The mole fraction of the species in the equilibrium isomeric mixture; 1, 2, and 3 denote
the C,, C; and C, isomers, respectively.

¢ Isomerism contribution to heat capacity related to the species most stable in the very low
temperature region, i.c. to the C, isomer.
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case of the heat capacity contribution — a temperature maximum, already
reported with several other systems [23,24]. The isomerism contributions
cannot be measured directly and therefore Figs. 4 and 5 show the partial
and overall standard enthalpy, entropy and heat capacity at constant
pressure changes. Figure S also compares the C, partial and overall Cl,0,
standard molar heat capacity. The temperature maximum observed with
the isomerism contribution to heat capacity is conserved in both overall
heat capacity terms.

Finally, Table 3 gives a detailed specification of some important points
of the temperature dependences reported in Figs. 2, 3 and 5. The magni-
tude of the isomerism effects represents a further interesting particular
illustration of general phenomena [22-24].
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