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Summary

An analysis of recent accurate experimental studies of Cl,-photosen-
sitized O3 decomposition, in which O3 disappearance and OCIO formation
were directly monitored, suggests the possibility that the suppression of the
quantum yield in the presence of O, may be due to the formation of asym-
metrical chlorine trioxide (ClO-0;). Other intermediaries, such as Cl,O,,
which may also form in the system are not thought to explain the observa-
tions. In addition to its capacity to oxidize, which it shares with other
peroxo compounds, asymmetrical ClO; appears to undergo an interesting
class of reactions in which the loosely bound O, adduct is relatively easily
displaced by reactive atoms and radicals such as chlorine.

1. Introduction

The existence of chlorine atoms and ClO in the upper atmosphere of
the Earth and the theoretical evidence that chlorine catalyzes the depletion
of stratospheric ozone are now widely known. These findings have motivated
us to analyze the observed suppression of quantum yield by the presence of
O; in Cl,-catalyzed O3 decomposition, since O, is an important constituent
of the stratosphere.

2. Background survey

2.1. Experimental data pertinent to Cly,-photosensitized O; decomposition
The experimental results of most relevance are the following.
(1) In the absence of O, the quantum yield —®(03) for O3 removal is
high: greater than about 6 in the experiments of Norrish and Neville [1] and
approximately 5.8 in those of Lin et al. [2] and Wongdontri-Stuper et al. [3].
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(2) Addition of O, suppresses —®(03). According to Norrish and
Neville {1] a limiting value of 2 is attained at high O, pressures exceeding
600 Torr. These authors, however, inferred Og disappearance only indirectly.
In later experiments, in which the O3 concentrations were monitored directly,
the quantum yield was found to decrease to 4.7 [2] or to 3.7 [8] depending
upon the O3 pressure and the light intensity.

(8) Notwithstanding these results, according to Wongdontri-Stuper et
al. [38] an exceptionally low quantum yield (—®(03) =~ 1.7) is attained when
the O3 pressure is very low (approximately 0.007 Torr) and the O, pressure
is high (approximately 600 Torr).

In the present study we relied mainly on the data reported by
Wongdontri-Stuper et al. [3] using UV spectroscopy. These data were pre-
ferred to those obtained by IR spectroscopy because they are in better
accord with the unpublished results of Lin et al. [ 2] and because they are
more comprehensive. Wongdontri-Stuper et al. [3] have also reported quan-
tum yields & (OClO) for OCIO formation. These provided useful constraints
on our analysis.

2.2. Previous proposals for explaining the O, suppression of quantum yield
Norrish and Neville [1], who first discovered the phenomenon, have
hypothesized that the reactions

Cl1+0, + M2 ClIOO +M
and
ClOO + 03 had 0103 + 02

are responsible for the suppression of the quantum yield. According to
Wongdontri-Stuper et al. [3] this mechanism would produce conflict with
observed values of —®(Cl,) in the presence of O,. Rundel and Stolarski [4]
suggest that the overall reaction _

ClO + CIO + O, > Cl, + O, + O, (1)

proceeding with a rate coefficient of 2 X 10732 cm® molecules™ s !, consti-

tutes the mechanism by which O, suppresses the quantum yield. However,
since they have not identified the intermediary involved, their proposed
mechanism is incomplete. Furthermore, reaction (1) alone cannot explain all
known facts of the phenomenon. This will become clearer in Section 3.

3. The proposed theory

We propose that asymmetrical ClO; (asym ClOg, Cl1O-0O,) is formed in
the reaction 4

CIO + O, + M 2 Asym ClO, + M (2)

and that it suppresses —®(03) by virtue of its capacity to react with ClO in
the following manner:
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Asym ClOg + ClO -+ Cl, + O, + O, (8a)
- 2ClI00 (3b)
- OCIO + CIO0 (3¢)

Channels (b) and {c) in the proposed reaction (3) are essential. These channels
regenerate chlorine atoms by subsequent collisional disintegration of Cl100
and keep the quantum yield as high as is observed even at high O, pressures.
Channels (3b) and (3c) together must be comparable with channel (3a) at
room temperature in order to sustain the observed behavior of —®(O3) at
higher O, pressures. Rundel and Stolarski [4] did not allow for these chan-
nels in their overall reaction (1). Consequently their mechanism would lead
to ®(03) = 2 at high O, pressures, which contradicts observations.

In the experiments under consideration the Cl,O, dimer [ 5, 6] is also
an important intermediary and is efficiently formed by the reaction

ClIO +CIO + M 2 Cl,0, + M (9)

However, this dimer does not seem to be able to explain the observed behav-
ior of —®(03). The product of the equilibrium constant Ky (= kgs/Rg,) and
ky9, the rate constant of the reaction

Clez""M"’ Clz+02+M (10)

is only mildly dependent on O, or argon as the third body M [12]. In con-
trast, compared with the clear and pronounced effect of O, on —®(0y3), the
effect of N, is at best only marginal. Furthermore, on the basis of the heat
of formation A H,(C1,0;) of Cl,0O, [5], the reactions

Cl,0, + O, —~ ClOO + Cl100 (20)
- ClO0O + OClO (21)

are both considerably endothermic. Consequently it is unlikely that, at room
temperature, either reaction would be comparable with reaction (10) with

M = O,, as required by the observed —®(0;). Hence these considerations
argue against the Cl, O, dimer being responsible for the suppression of the
quantum yield —®(03) in the presence of O,.

Reactions (3b) and (3c) are also endothermic; however, assuming that
asym ClOj is only loosely bound, the energy deficits involved are significantly
smaller and are probably comparable with the energy deficits in reactions
(8b) and (8c) of Table 1, which are known to constitute a significant fraction
of the total rate for reactions (8a), (8b) and (8c). In fact some endothermicity
for the branches (3b) and (3c) is probably crucial for explaining the observed
rapid drop of the quantum yield with decreasing temperature.

Atomic chlorine might react with asym ClOj in the following manner:

Cl + asym ClOg - Cl,0 + O, (5)
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TABLE 1

Reaction scheme used in modeling observed quantum yields in experiments at room
temperature

Reaction Reaction Rate® Source/comments
number
in text
ClO + O3 + M ~> Asym Cl0g + M 2f Ka= sz/k%, = Individually, k2¢ and
Asym ClO3+ M~ CIO + O3 + M 2r 3.7x 1071 kg, are indeterminate.
Asym ClO3 +ClIO > Clg + 02+ Oy 3a 5.0x 10°1®  This study
- 2C100 3b 40x 10715
- 0CI0 +CI00 3¢ 5.0 x 10716
+ Cl > Cl0 + Oy 5 1.2 x 10 1% g, is not uniquely de-

termined. It depends on
the choice for kq7.

Cl + Og > CIO + O, 6 1.2x 107 Ref. 7
Cl0 + O3 > CI00 + Oy 7 1.6 x 10°1®  Refs. 2 and 3 and our
unpublished analysis of
the experimental data
ofref. 1.
CIO + C10 = Cly + Oy 8a 3.7 x 1071%  Total rate from refs. 6
and 8.
- CIO0 + Cl 8b 7.1 x 1071®  Individual components
-+ 0CIO + Cl 8c 4.0x 10 1% Jetermined in this
study.
CI0 + Cl0 + M —> C1,05 + M of 30x 10732  Ref.5
Cl,0, + M ~> ClO + ClIO + M 9r 40x 10718
> Cly+ 0y + M 10 1.0x 10720 This study
+ Cl - Cl0O + Cly 11 1.0x 1071 Ref.5
Cl+0,+M-CIOO + M 12f 1.7x 1073  Ref.5
CIOO +M—>Cl+ 0y +M 12r 3.1 x 10713
+Cl > Clg + Oy 14 5.0x 10711 Ref. 9
OCIO + O3 ~ Asym ClOj3 + Oy 15 30x 107}  Ref.10
+ Cl = 2C10 16 59x 1011 Ref. 11
2Asym ClOz — Cl, + 30, 17a 1.0 x 10 Y% This study
- 2C100 + Oy 17b 8.0 x 10716
- 0OCIO + CIO0 + 0y 17c 1.0x 10716
Cl; + hv > Cl + Q) 18 I, Experimental
data from ref. 3.
ClIO + OCIO + M - Clz03 + M 19f Not included in the fit-
ting (see text).
Cl,05 + M > CIO + OCIO + M 19r

1

3Rate coefficients of bimolecular reactions are in units of cm3 molecules 1 5721 arsld _tixose

of three-body reactions are in units of cm® molecules =2 571, I, is in units of cm™ ~ 8

Reaction (5) amounts to asym ClO; losing the adduct O, if it encounters an
atomic or radical species for which ClO has a greater ‘‘affinity”. Adduct dis-
placement or “switching’’ reactions are quite commonplace with ionic clus-
ters such as those encountered in the D-region ionosphere of the Earth [13].
It is possible that loosely bound neutral species such as asym ClO3 may show
the same tendency.
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4. The numerical approach

Our “‘simulated” quantum yield was determined from the equation
d[O;]
dt

where I, is the rate of photon absorption per unit volume and

®(03) = I A €9

d[O3]/dt = —Zk;[X;][O3] (11)

where [X;] denotes the equilibrium concentration of the ith minor species X;
(such as Cl) and k; is the rate coefficient of the relevant reaction. We numeri-
cally solved for [X;] assuming that the major species remained at their initial
concentrations. In their experiments Wongdontri-Stuperetal. [3] allowed the
trials to run until a significant fraction of the O3 had been consumed. How-
ever, they found that the quantum yield remained constant throughout the
trials. Thus our analysis, in which we assume that the concentrations of the
major species remain constant at their initial values while the minor species
are in equilibrium, is probably a reasonably good representation of what was
actually measured. Finally, the rate constants of the assumed reactions were
determined by the standard procedure of varying the values of the rate con-
stants until the differences between the calculated and experimentally mea-
sured quantum yields were minimized in the least-squares sense.

5. Chemical reaction set

The reaction set which finally yielded a satisfactory fit to the data of
Wongdontri-Stuper et al. [3] is listed in Table 1. Recently several reactions
of this set have been subjected to very careful studies in independent experi-
ments. Their rate coefficients, taken from the sources indicated in the table,
were considered to be known and were held fixed in the fitting process. The
postulated reactions (2), (3) and (5) have already been discussed. Reactions
(17a), (17b) and (17c) are also new. The rate constants of these reactions
were determined from the fitting process.

Cl;O03 may form in the system via reaction (19f). The stability of this
species is, however, debaBble. According to McHale and Von Elbe [14] this
species has the structure ¢y >Cl-—ClO and is only loosely bound. But, accord-
ing to Cox et al. [5], 01283 may be stable especially at lower temperatures
(see also ref. 3). In view of the conflicting opinions expressed about the
stability of Cl,0g3, reactions (19f) and (19r) were not included in fitting the
room temperature data. The absorption cross section of Cl; at 365 nm in
conjunction with the values of I, given by Wongdontri-Stuper ef al. allow
the light intensity to be estimated. From the known absorption cross sections
of the species Cl,0, ClO, etc. it was easily verified that photoprocesses were
of secondary importance for these species; they were therefore neglected.
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6. Results and discussion

In Tables 2 and 3 are shown the theoretically predicted values of
—@®(03) and ®(OCIlO) for the various individual experimental data points at
room temperature reported by Wongdontri-Stuper et al. [3] . The agreement

TABLE 2

Experimental data and calculated quantum yields for O3 decomposition at 297 K

Cly Og o 8 N3 I, x 1 0‘113 Quantum yield —®(0g)
(Torr) (Torr) (Torr)  (Torr) (em "5 ) Experimental Calculated
11.6 0.007 640.0 — 0.050 1.70 1.797
11.6 0.032 6400 -~ 0.050 2.50 2.76
11.3 0.076 6400 - 0.060 2.90 3.16
11.6 0.141 640.0 - 0.050 3.80 3.38
11.6 0.345 6400 — 0.050 4.70 3.62
11.6 0.314 5400 -~ 0.050 4.40 3.63
11.6 0.163 860 — 0.050 4.60 4.26
11.6 0.009 - - 0.060 4.70 6.76
11.6 0.010 - - 0.016 4.80 5.80
11.6 0.018 - - 0.060 6.10 5.78
11.0 0.041 - - 0.048 5.80 5.81
3.1 0.065 - - 0.014 5.80 5.86
11.6 0.117 - - 0.060 6.40 5.83
10.7 0.145 - - 0.046 6.10 5.84
11.6 0171 - - 0.050 5.70 5.856
11.2 0.179 - - 0.049 7.00 5.86
11.6 0.403 - - 0.050 6.70 5.90
11.6 0.156 - 100.0 0.050 5.90 6.61
11.6 0.1656 - 680.0 0.050 5.60 4.69
8.6 0.048 - - 3.200 65.60 5.27
3.3 0.112 - - 1.230 5.60 5.72
111 0.482 - - 4.100 6.20 5.73
5.9 1.320 - - 0.980 5.64 5.88
6.3 2.200 - - 1.260 5.47 5.92
6.9 2.330 - - 0.180 5.10 6.09
6.0 2.330 - - 0.160 6.30 6.11
6.2 2.410 - - 0.430 5.60 6.00
6.7 2.410 - - 0.460 5.40 6.00
6.5 2.570 - - 3.000 5.71 5.88
5.9 2.640 6000 - 0.980 3.80 3.71
6.5 2.800 - - 0.580 5.02 6.00
6.3 2.960 - - 0.160 6.30 6.19
5.8 3.030 - - 1.950 6.05 5.92
6.8 3.110 - 600.0 1.000 4.72 4.92
6.8 3.270 - - 1.130 5.564 5.97
5.3 3.270 - - 3.300 6.27 5.90
6.1 3.660 - 600.0 1.000 4.72 494
6.2 3.730 - - 3.900 6.78 5.90
6.1 5.450 6000 — 1.000 3.71 3.78
6.2 5.760 6000 -— 2.100 3.65 3.76
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Experimental data and calculated quantum yields for OCIO formation at 297 K

Cly O3 Oq N2 I, x__180"_'1’ Quantum yield $(0C10)
(Torr) (Torr) (Torr) (Tom) (cm 3s7Y) Experimental  Calculated
7.8 342 - - 4.34 0.069 0.101
6.9 3.40 - - 3.84 0.130 0.102
12.9 3.81 - - 7.19 0.082 0.101
12.8 408 -~ - 712 0.086 0.101
16.8 466 - 5450 ©.38 0.062 0.076
13.7 548 6300 - 7.67 0.073 0.090
13.4 591 - - 7.47 0.126 0.101
141 5.956 630.0 - 7.08 0.088 0.091
13.4 596 - - 7.47 0.120 0.101
14.0 597 6300 - 7.81 0.079 0.091
13.1 6.38 - - 7.30 0.090 0.101
13.8 687 - 5450 17.71 0.100 0.076
13.9 7.08 6300 - 7.76 0.073 0.091
13.0 790 - - 7.28 0.180 0.101
13.0 7983 6300 - 7.45 0.089 0.091
14.3 7.94 - — 7.99 0.091 0.101
13.6 801 - - 7.58 0.115 0.101
13.0 821 - - 7.28 0.087 0.101
13.2 891 - - 7.39 0.082 0.101
13.2 941 630.0 - 7.39 0.112 0.092
13.4 957 - - 7.47 0.120 0.101
14.9 961 6300 - 8.32 0.077 0.092
14.0 10.30 - - 7.84 0.111 0.101
15.2 1050 — 5450 8.49 0.071 0.076
16.1 10.70  630.0 - 9.01 0.068 0.092
14.2 11.30 - - 7.91 0.081 0.101
13.0 1140 — - 7.28 0.087 0.101
13.56 12.560 - 545.0 7.656 0.086 0.076

between the predicted and observed quantum yields appears to be quite

satisfactory and root mean square errors attain low values of 0.526 and 0.02
for —®(03) and ®(OClO) respectively, reflecting in large measure the appar-
ent scatter inherent in the data itself.

6.1. Reaction between CIlO and CIO
A possible pressure effect on the reaction ClO + ClO - Cl,; + O, has
been explicitly incorporated through reactions (9f), (9r) and (10) and through

reactions (2f), (2r) and (3a). The rate constant kg of reaction (8), ClO +
ClO - product, should therefore correspond to the low pressure regime. In
our studies we took kg to be slightly less than half the value recommended
by Watson [ 7). This was done at the suggestion of Watson [8] in view of
recent results of Cox et al. [ 5] . The magnitude of kg, was determined from
®(OCIO) and then kg, and kg;, were tuned with reference to ®(0O3) data.
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Branching ratios kg,:Rg,:kg. at room temperature obtained in this
study are in excellent agreement with those obtained by Wongdontri-Stuper
et al. [3]. Since identical experimental data are being used, this agreement
can be considered to be a confirmation of the approaches adopted in these
studies. Unfortunately there is a considerable difference of opinion among
chemical kineticists about the importance of the molecular channel. This
subject matter has been discussed in detail by Wongdontri-Stuper et al. [3].

6.2. Role of asym ClOg,

The effectiveness of the postulated asym ClOj; intermediary in suppress-
ing the O3 dissociation should jointly depend upon K, (= k3¢ /k3,) and k3.
With the given observational data, neither K, nor k3 can be determined inde-
pendently of each other. Our approach therefore was to estimate k3 and
then to adjust the equilibrium constant K,. We used the simplest estimate,
k3 ~ kg, and adjusted K, and the individual branches (3a), (3b) and (3c).

In this attempt k3, was adjusted mainly with the help of the & (OClO) data
and k3, and k3, were tuned with reference to —®(03) values.

Our results suggest that the ClOO channel in reaction (3) is reduced by
about a factor of 2 compared with the corresponding channels in reaction (8).
The possible inequality AH(asym ClO3) < AH(ClO) could lead to the
more unfavorable endothermicities in reactions (3b) and (3c). Reaction (3a)
was, however, inferred to be relatively faster than reaction (8c). This con-
trasting behavior, of k3, on the one hand and of k3, and k3. on the other,
suggests that reactions (3b) and (3c) proceed through a transition state which
is different from that involved in reaction (3a). It is reasonable to assume
that reactions (3b) and (3c) are atom abstraction reactions involving linear
transition states, whereas reaction (3a) involves a transition state of the type
invoked by King et al. [15] to explain interhalogen formation.

An equilibrium constant K, with a value of 8.7 X 107'® cm?® molecules™
was derived for reaction (2). This value is dependent upon the choice for kg
because the observational data are sensitive only to the product K;k3 and not
to individual K, or k3 values. If k3 is actually faster than assumed, then Ko
would be correspondingly smaller, and vice versa.

6.3. Reactions between two asym ClO; species

Asym ClO4 + asym ClOj3 — Cl, + O, + 20, (17a)
- Cl100 + Cl00O + O, (17b)
- ClO0O + OCIO + O, (17c)

These reactions were included in the model as a possible explanation for the
observation that —® (0O3) remains high even at O, pressures as high as 1500
Torr [2, 16]. At such high pressures a large fraction of ClO would exist as
asym ClOj in our model and reactions (17b) and (17c) have the potential to
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sustain the reported high —®(03). Inclusion of reactions (17a) and (17b)
were also useful in understanding the low O; pressure data of Wongdontri-
Stuper et al. [3]. This portion of the data (see Section 6.4) suggest that reac-
tions (17a), (17b) and (17c) proceed at a rate about five times slower than
that of the reactions between asym ClO; and ClO. This appears to be con-
sistent with expectations.

6.4. Low O, pressure data

Data points for extremely low O pressures are quite intersting inas-
much as, in these cases, O, was able to depress the quantum yield to values
below 2. They suggest that there must be some reaction(s) which converts
the active chain carriers, chlorine atoms and ClO0, into stable terminal species
before they have a chance to react with ozone. One of the reactants in this
reaction must also require the presence of O,. Out of several possibilities
tried, only reaction (5) (i.e. Cl + asym ClOg - Cl,O + O;) succeeded in
explaining the observation. We therefore feel that reaction (5) could be an
important component of the possible chemistry of asym ClOg. It suggests
that the loosely bound O, adduct in asym ClO3 can be easily displaced by
reactive atoms and radicals.

7. Summarizing remarks and conclusions

It appears that the formation of an asym ClO; intermediary and its
reactions with Cl1O might be responsible for the suppression of —®(03) by
Q,. Other intermediaries, such as the Cl,0O, dimer, which may form in the
system are not thought to explain the observations. The O, adduct which is
loosely bound to ClO in asym ClO; seems to be easily displaceable by atoms
and radicals such as chlorine.
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