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Possible reactions leading to the formation and the loss of HOCI and HOOCI in the stratosphere
are explored. Since such reactions must be exothermic, the heats of formation of the title com-
pounds are discussed first. Values adopted are AH{®(HOCIl) = —22+3, AH;*(Cl00)=20.5%0.4,
AH{® (HOOCI) = — 17 kcal/mol. Several important reactions are then identified. The most significant

reactions apepar to be

HO, +Cl0 —HOCl + 0,

HOCI +hr —OH  + CI<400nm
OH+ClO+M — HOOCI +M

HO, + ClI00 — HOOCI + 0,

HOOCl +hr —OH +ClO.

From estimates of the associated rate coefficients and photodissociation factors the steady state
concentrations of HOCI and HOOCI are derived. Both are sufficiently low to exclude a significant
influence upon the steady state concentrations of ClO and CI.

Introduction

The list of substances capable of affecting the
stratospheric ozone budget has recently been ex-
tended to include chlorine and its compounds?®: 2.
Moreover, it appears that man-made chlorofluoro-
methanes are not readily removed from the tropo-
sphere by natural sink mechanisms. These com-
pounds are degraded only by photocomposition at
high altitudes, whereby they burden the stratosphere
unduly with chlorine®%. This development has
raised a considerable current interest in gaseous
reactions of chlorine and its compounds.

The principal reactions of chlorine in the strato-
sphere have been identified by Rowland and Mo-

lina % as
OH +HCl — H,0 +Cl (1)
Cl +0; —CIO +0, (2)
ClO +0 —ClI +0, (3)
ClIO +NO —ClI +NO, (4)
Cl +CH,— HCl +CH;, (5)
Cl +H, —HClI+H (6)

The participating chlorine species Cl, CIO and HCIl
have all been observed by balloon-borne instrumen-
tation 712, HCI serves as pool of chlorine from
which the other species are derived by way of reac-
tion 1. The presence of chlorine nitrate in the strato-
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sphere has also been implicated on account of the

reaction 13

ClO +NO, + M — CIONO, + M (7)

but has not yet been observed. Without doubt, there
will exist in the stratosphere a number of additional
chlorine compounds whose significance to strato-
sphere chemistry, however, remains to be assessed.

The present study is concerned with the role of
HOCI, HOOCI and its precursor ClOO. It is un-
fortunate that the literature is particularly devoid of
information about the gaseous reactions of these
compounds, so that by necessity this study contains
many elements of speculation. Nevertheless, certain
conclusions can be reached. We discuss first the
heats of formation of the compounds of interest
because these quantities are required to derive the
heats of potential reactions, and in the case of CI00
its equilibrium concentration. Subsequently, we con-
sider conceivable production and removal processes
for HOC] and HOOCI. After a selection of the prin-
cipal reactions involved, calculated steady-state con-
centration altitude profiles are presented and dis-
cussed.

Heats of Formation of HOCI, CIOO and HOOCI

The heat of a reaction, 4Hy, involving HOCI,
ClOO etc. can be calculated from the standard heats
of formation of reaction products, AH{°(P;) and of
reactants, A4H°(R;), by way of

AHg =2 n; AH{ (P;) — 3 m; AH? (R;)
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where n; and m; are the stoichiometry factors as-
sociated with the chemical conversion. In the cal-
culations we have employed the commonly adopted
reference temperature of 298 K. Standard heats of
formation are available for many compounds of
interest, but as it turns out, significant uncertainties
exist for the species HOCI and Cl00, and for HOOCI
no data exist at all. Below, this situation will be
reviewed as briefly as possible and estimates for the
thermochemical data will be given.

HOCI

The heat of formation of HOCI in aqueous solu-
tion is known fairly well 14 to be — 31.35 kecal/mol.
The heat of solution of HOCI is required to obtain
the heat of formation in the gas phase, but ap-
propriate data are lacking. If one estimates the heat
of solution of HOCI in water to be similar to that
of other weak acids, 4H,, = — 8= 3 kcal/mol, one
obtains AH{® (HOCl) = — 22 * 3 kcal/mol. We ac-
cept this estimate. The dissociation energies asso-
ciated with the two bonds in HOCI are then:
D (HO —Cl) = 60.3 kcal/mol; D (H—OCl) = 98.2
kcal/mol.

Cl00

In this asymmetric molecule, chlorine is attached
to molecular oxygen by a weak bond. Thermal dis-
sociation occurs even at the low temperatures of the
stratosphere and an equilibrium is set up with free
chlorine atoms. A reasonable assessment of this
equilibrium requires a more accurate value for the
heat of formation of ClOO than is currently in use.
In reviewing the situation we note that the available
experimental data come mainly from two labora-
tories: Johnston et al.!> and Clyne and White 16, but
they are not entirely independent. Johnston et al.
studied the photolysis of Cl, in the presence of ex-
cess oxygen by the molecular modulation spectro-
scopy technique, aiming to derive rate coefficients
for key reactions. Five of the ten reactions con-
sidered by them are

bCl +0,+M—ClO, +M

¢ ClO, +M — Cl +0,+M

dCl0,+Cl  —Cl0 +CIO

f 3Gl 40,

e CIO +CI0O  =>ClO, +Cl
2, +0,
2 0c10 +Cl
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where the original notation has been retained. The
last two channels of reaction e were not included by
Johnston et al., but must be added. The other reac-
tions given in the original paper will not be dis-
cussed here. From the analysis of their data, these
authors give

K (kq+k AL
fﬁlgfaj} =4.82-10 3! em®/particles® sec ,
e/ ky — 108. E (2)

The last result is at variance with ki/kq=15 ob-
tained by Nicholas and Norrish !7 from flash photo-
lysis experiments. A value ki/kq~ 15 has been
found also in very recent work of Cox !, in which
techniques similar to that of Johnston et al. were
employed.

In order to evaluate the rate coefficients kq and
k¢, Johnston et al. calculated K, = ky/k.=[ClO,]/
[C1][0,] from an estimated A4H;®(ClOO) = 22.8
kcal/mol, which will be discussed further below, and
a recalculated value for the entropy of ClOO using
the spectroscopic data of Arkell and Schwager °.
The equilibrium constant K is determined from the
relation

—RTInK;=4Hg(b) —T ASg(b) E (3)

where R is the gas constant and
AHyg (b) = 4H*(Cl0,) — 4H(Cl) .

The heat of formation of O, is zero by definition.
The entropy difference is, similarly:

ASg(b) = S°(ClO,) — S°(Cl) — S°(0,) .

Johnston et al. calculated the entropy of ClO, as
S%(Cl0O,) =63.0 cal/mol deg and this value will be
adopted also here. 4H;°(ClO,) was estimated from
the equilibrium between reactions d and e, assuming
implicitly that the reaction channel e; predominates.
Johnston et al. estimated the pre-exponential factor
of the rate coefficient for reaction d and by com-
parison with the value derived from their experi-

mental data conclude that reaction d has essentially

no activation energy. The activation energy of the
reverse reaction e had been measured previously by
Clyne and Coxon?2? as 2.5 kcal/mol, so that this
value should represent the heat of reaction e. The
heat of formation 4H{°(ClO,) can then be obtained
from the relation

AHy (e) = AH;(Cl0,) + AHO(Cl)

—24H(ClO) , E (4)
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where one takes AHp(e) =2.5 kcal/mol and the

heats of formation for Cl and ClO are known %

The assumptions used in the derivation of

AH{?(Cl0O,) in this manner are

1. Reaction d possesses no activation energy;

2. Reaction e goes predominantly to ClO, and Cl as
products, and the other channels are negligible.

Both assumptions are approximations giving rise to
errors.

Clyne and White !¢ have re-examined reaction e
and determined its rate coefficient and activation
energy with greater precision than previously, using
a low pressure flow reactor and optical detection of
ClO radicals. The rate coefficient was

k., =1.3-10"12 exp (—2277/RT) cm?/molecule sec

showing essentially no third body dependence. At
298 K the rate coefficient has the value k.=
2.7-107** em®/molecule sec. in good agreement with
the more recent determination by Clyne et al.?! of
ke=2.2-10" ¢cm?/molecule sec. Clyne and White*
note that this value is higher than that for k. given
by Johnston et al. and attribute the difference to an
incorrect value of AH(ClO,) used by Johnston
et al. to calculate K, = ky/k.=[ClO]%/[Cl][CIO,].
Clyne and White therefore adopt the converse pro-
cedure and combined their value for k. with the
value k; given by Johnston et al. to obtain first

» =07 (compared to K, =227 as derived by John-
ston) and subsequently AH{*(Cl0,) = 22.2 kcal/mol

using the relations

—RTInK,=4Hg(d) —T ASg(d), E (5)
where

AHR(d) = — AHg(e) and
ASk (d) =2 8°(C10) — S°(Cl) —S°(Cl10,) .

The derivation of AH;°(ClO,) by Clyne and White
also involves the assumption that reaction e leads
mainly to the products ClO, and Cl and that the
other channels can be neglected. It has recently been
shown by Clyne et al.?! that reaction channel e 3
contributes very little indeed at 298 K, approxi-
mately 4% of the total reaction. The second channel,
e 2, will not be negligible, however. Watson ?? esti-
mates a branching ratio of about unity for the
channels e 1 and e 2. Accordingly, this feature must
be incorporated into the analysis of the data. In ad-
dition, one should allow for a small activation en-
ergy of reaction d. Such an analysis will be given
below. We shall utilyze the most recent thermo-

P. Warneck - Chlorine Compounds in the Stratosphere: HOCl, HOOCI, and C100

chemical data for Cl and ClO given by Domalski,
Garvin and Wagman 2.

It may be noted that our knowledge of AH;°(ClO,)
derives solely from the equilibrium between reac-
tions d and e. The associated equilibrium constant
is K, = ky/a k. where a = k./k. denotes that fraction
of reaction e which results in the products Cl and
ClOO. K, and the equilibrium constant K; = k/k.
are coupled in that their product does not involve

AH{(CIO,). The value
K, K, =546 (atm™ 1) E (6)

may be taken as established. We then write K, in the
form

k. kq®
s P “exp { (4d.—Aq)/RT}

ke  ak®
—exp {S/R—- AHR/RT}
A, — Ay— AHyp(d) —19.32 — AHPO(Cl0,)  E (7)

K,—

where the numerical value (in kcal/mol) on the
right hand side is computed from the heats of for-
mation for Cl and ClO. 4, =2.297 kcal/mol 16 and
A, are the activation energies of reactions e and d.
The pre-exponential factor can be calculated from
the involved entropies and £.%=1.3-10"12 cm?3/
molecules sec is also known from direct measure-
ment 16, Combining Eqs. E(1), E(2) and E(6) with
E(7) provides a route to calculating the equilibrium
constants K, and K, the values for &, and £,°, the
factor a, and the heats of reaction, AHp(d), and of
formation, AH;®(Cl0,), all as a function of the
activation energy A,;. The results for the most im-
portant of these parameters are summarized in
Table 1. The employed thermochemical values for
CIO and CI are given in the legend.

Table 1. Heat of formation of ClO,, equilibrium constants
K, and K,, rate coefficient kq, pre-exponential faktor kg’
and a=ke1/ke , all as a function of the heat of activation
Aq of reaction d. Exponents indicate powers of ten.

Aq AH® K, K, ka kq® a
(kcal/  (kcal/

mol) mol) (atm™) (cm®/molecule sec)

0.0 21.8 920 0.59 46713 4.6713  0.018
0.5 21.3 394 1.38 4.4713 1.072 0.041
0.9 20.9 200 2.73 5513 251 (.10
1.3 20.5 101 5.37 7,518 6712 0,27
15 20.3 72.4 7.54 1.0712 1374 0.52
) By 20.1 51.5 10.6 13712 2411 097

Thermochemical values employed: AH;°(ClO)=24.3 and
AH{*(Cl) =29.08 kcal/mol; K, K,=546.3.
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From these data one can determine limits to the
range of AH;°(Cl0,) compatible with the available
experimental data. The upper limit is given by set-
ting A;=0 so that AH"(ClO,) =21.8 kcal/mol at
298 K. The corresponding fraction of reaction e
going into the channel el is a=0.018, indicating
that the major products are Cl, and O, rather than
Cl and ClOO. This appears to be inconsistent with
the data of Clyne, McKenney and Watson2!. It is
more reasonable to set @ > 0.1. The upper limit of
AH?(CIO,) is then reduced to 20.9 kcal/mol. The
lower limit is determined by the fact that a cannot
exceed unity. Since the reaction channel e3 con-
tributes perhaps 4% to the total reaction e, we set
a=0.96. The corresponding activation energy is
Aq=1.7kcal/mol and A4H{® (ClO,) =20.1 kcal/mol.
This value provides a rather definite lower limit.
These results suggest that AH{® (ClO,) lies in the
range 20.1 —20.9 kcal/mol. The median value of
AH?(C10,) = 20.5 kcal/mol corresponds to a = 0.27.
This appears to be a reasonable value and we sug-
gest AH? (Cl0,) =20.5 % 0.4 kcal/mol. The limits
do not yet include the uncertainties inherent in the
experimental data so that the true range of un-
certainty may be wider. The Cl — O, bond dissocia-
tion energy corresponding to the derived heat of
formation of CIO, is calculated as D (Cl-0,) =
8.6+ 0.4 kcal/mol. Cox and Derwent2* have re-
cently obtained k¢ = (2% 1) x 107! em?/molecule sec
which they use together with the value ki/kq=15
from Nicholas and Norrish!? to derive k;=1.3
+0.6-10"'2 cm?/molecule sec. This value is in har-
mony with our conclusions concerning 4H;° (ClO,)
as a comparison with Table 1 shows.

HOOCI

This is a hypothetical molecule, for which a labo-
ratory observation has not yet been reported. HOOCI
may nevertheless play a role in stratospheric chem-
istry provided it is stable. We shall here investigate
this possibility. Since the structure of HOOCI will
be similar to that of hydrogen peroxide, HOOH, we
may assume a bond dissociation energy of the H-
atom to oxygen in HOOCI fairly much the same as
in hydrogen peroxide which is 89.6 kcal/mol. We
can then calculate the heat of formation of HOOCI
from the relation

D (H-00Cl) = 4H*(H) + 4H;°(ClO,)

— AH* (HOOCI) E (8)
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and find 4H{°(HOOCI) = — 17.0 kcal/mol. The neg-
ative value indicates a considerable thermal stabi-
lity. From this estimate for the heat of formation of
HOOCI the remaining-bond dissociation energies are
obtained as D (HO—OCIl) = 50.7 kcal/mol and
D (HOO —Cl) =51.0 kcal/mol. The latter value is
particularly interesting when compared with the low
bond dissociation energy in ClOO, because it shows
that the chlorine-oxygen bond is stabilized by the
addition of a hydrogen atom to C100.

Individual Reactions Producing and Removing

HOCI and HOOCI

Table 2 presents a list of reactions of Cl, CIO,
ClIOO and CIONO, with hydrogeneous substances
which are known to occur in the stratosphere and
from which HOCI or HOOCI may be formed. The
list is probably not exhaustive. Many of the reac-
tions are hypothetical in the sense that their labo-
ratory observation has not been reported. The heats
of reaction were calculated from the standard heats
of formation tabulated by Domalski et al.?3 supple-
mented by the data given in the previous section
and AH{® (CIONO,) = 6.28 kcal/mol provided by
Knauth et al.?.

Only exothermic reactions need to be considered
further, since the endothermic reactions will not
contribute significantly at the temperatures prevail-
ing in the stratosphere. Room temperature rate co-
efficients are given in the fourth column of Table 2.
For some reactions rate coefficients are available
from measurements, but uncertainties still exist in
several cases with respect to the product channel
yields. The other reactions require an estimate of the
associated rate coefficient. Estimates were made in
the following way: Termolecular recombination re-
actions were assumed to have rate coefficients of
1-10732 cm®/molecule? sec. All bimolecular reac-
tions between two radicals will be rapid and rate
coefficients of the order of 5-107 ! cm?/molecule sec
were assigned. The only exception is the reaction
CIOO +HO,— HOOCI + O, whose rate was taken
to be similar to that of HO,+HO,— H,0,+ 0,
(Hamson and Garvin 7). The reaction of ClO with
H,0, probably is not faster than that of OH with
H,0, and it is expected to require a modest activa-
tion energy. We adopt a rate coefficient of 2-10713
cm?/molecule sec as an upper limit. Among the re-
actions of ClIOO with stable trace gases only CIOO
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Table 2. Pathways, enthalpies and rate coefficients associated with gaseous reactions leading to the formation of HOCI

and HOOCI. Exponents indicate powers to ten.

No. Reaction AHR ksgs References
(kcal/mol) (cm3/molec. sec)  and remarks
8 Cl +OH — HCl +0 T 5.0—1 estimate
ClO +H +38.0
9 Cl +0H+M— HOClI +M —60.3 1.0—% estimate
10 Cl +HO, —HCI +0, —56.1 3.0—11 Leu and deMore 2¢
— CIO +OH — 0.5
— HOCl +0 + 3.4 Cox and Derwent 4
11 Cl +H,0, —HCI -+HO, —13.5 6.0—13 Leu and deMore 26
— HOCl +OH — 9.2
12 cl +HNO, —>HCl +NO, — 19
— HOCl +NO, —10.9 6.8—15 Leu and deMore 26
— Cl0 +HNO, + 8.4
13 Cl0 +OH — HOClI +O0 + 3.5 slow endothermic
*14 Clo +OH+M — HOOCI +M —50.7 1.0—32 estimate
*15 Cl0 +HO, —HOCl +0, —51.0
— 0CIO +OH + 4.6 5.0 estimate
— CIO0 +OH + 2.1
%16 ClO +H,0, —HOCI +HO, — 8.6 2.0—19 estimate
— HOOCI +0H + 2.7
17 CIO +HNO; —HOCI +NOg + 3.0 slow endothermic
HOOCI +NO, +32.9
18 Clo  +H, :: gglCl igH t g? <5.0—16 Clyne and Coxon 20
19 Cl0  +CH, - HOCl +CH, — 6.4 g
—~HCl +CH0 246 <4078 Wanan ™
20 CIO0O +OH — HOCl +0, —51.8 5.0—11 estimate
%21 ClI0O0 +4+HO, — HOOCI+O0, —42.5 5.0—1% estimate
22 Cl00 +H,0, ->HOOCI+HO, ~ 0
— HOCl +OH +0, — 0.6 5,018 estimate
—~HCl +HO0,+0, — 49
23 ClI0O0 +HNO; — CIOOH +NO, +11.8 slow endothermic
24 CI0OO +H, — CIOOH +H +14.6 _ .
—~HCl +HO, 375 1.0=14 estimate
25 ClI0O0O +CH, — CIOOH +CHg, +14.6 slow endothermic
26 CIONO,+0H  —HOCl +NO, —20.6 2.0-13 estimate
27 CIONO, +H,0 — HOCI +HNO;4 — 2.8 1.0~ estimate
28 CIONO, +HO,  — HOOCI +NOy —11.3 slow estimate
29 OH +CH;Cl — HOCl +/CH,4 +23.1 slow endothermic

The important reactions are indicated by an asteric.

+H,0, need to be considered. The H abstraction
channel is approximately thermoneutral and may be
rapid despite a small activation energy. The asso-
ciated rate coefficient probably does not exceed
10712 em®/molecule sec, however. The other two
channels which are also exothermic require a re-
arrangement and thus will be slower. The last three
reactions involve chlorine nitrate. The reaction with

OH is assumed to proceed via abstraction of chlo-
rine. The homogeneous reaction with water vapor
can proceed only via an extension, rearrangement
and will certainly be slow. Its rate coefficient will
be similar to that of the reaction H,0 + N,O5; (Mor-
ris and Niki2%). The rate of the reaction between
HO, and CIONO, is difficult to estimate and we

shall assume it to be slow.



P. Warneck - Chlorine Compounds in the Stratosphere: HOCI, HOOCI, and C100

Loss reactions for HOCl and HOOCI are given in
Table 3. We take into account only photo-decompo-
sition processes and reactions with atomic oxygen.
Owing to the stability of HOCl and HOOCI their
reactions with many trace constituents in the atmo-
sphere are endothermic. Reactions with OH are
feasible. The concentrations of OH are lower than
those of O-atoms by at least an order of magnitude.
Reactions of OH with HOCl and HOOCI would be
important only if the associated rate coefficients
greatly exceed those for the O-atom reactions. The
rate coefficients adopted for the latter reactions are
considered to be upper limits. The absorption spec-
trum of HOOCI is unknown. We presume it to be
similar to that of H,O, and use a photodissociation
rate of J ==~ 10 *sec™! outside the atmosphere. The
value decreases somewhat when going from the
upper to the lower stratosphere due to radiation
shielding by ozone. The absorption spectrum of
HOCI is known through the work of Fergusson et
al 2%. Absorption begins at about 390 nm and ex-
tends throughout the ultraviolet spectral range. A
first maximum of the continuum occurs at 320 nm.
We associate this first absorption band with the dis-
sociation into the products OH and Cl. Fergusson
et al. determined the absorption strength by plate
densitometry. This method does not give reliable
absorption cross sections. Fortunately, these authors
recorded the spectrum of H,0, in the same study, so
that one can determine absorption intensities relative
to those of H,0, . Absolute absorption cross sections
for HOCI are then obtained using the known cross
section values 3%:3! for H,0,. Cross sections esti-
mated in this way are shown in Table 4. From the
integral over the product of the cross sections and
the solar photon flux3? an estimate of the photo-
dissociation rate for HOCI outside the earth’s atmo-
sphere can be obtained with the additional assump-
tion that the quantum yield is unity. In this manner
we find J HOCI == 9-1072 sec L. This value is simi-
lar to that for the photo-dissociation of NO, and
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will vary little with altitude. Fergusson et al. ob-
tained their HOCI by distillation from hypochlorous
acid. It must be recognized that HOCI is in equi-

librium with its anhydride Cl,0
2 HOCl = C1,0 + H,0

so that one can not exclude the presence of Cl,O in
amounts sufficient to contaminate the spectrum. Fer-
gusson et al. examined this possibility and argued
that there must be little contamination, since the
observed absorption resembles in no way that of
ClL,0. Recent ab initio calculations of HOCI potential
surfaces by Hirsch et al.?? indicate that a strong
transition exists at about 220 nm in agreement with
the data of Fergusson et al., but the transition in the
320 nm region should be weak suggesting that the
320 nm absorption feature could be caused by con-
tamination. Thus, the photodissociation coefficient
given here must be considered an upper limit.

Model Calculations

We must now decide which of the reactions listed
in Tables 2 and 3 are important and which may be
neglected. For this purpose the product of the rate
coefficient and the concentrations of the reactants
involved was calculated for each reaction and the
leading terms were singled out. The concentrations
employed for a variety of atmospheric constituents
are assembled in Table 5. As far as possible, the
data were taken from measurements. For many con-
stituents such as NO the data points scatter widely
and some procedure for averaging was required. In
these cases, the comparison of one-dimensional
theoretical models by Shimazaki and Whitten 3% was
employed as a guide. For H,0, and HO, only model
profiles are available, and considerable variations
exist between the various models. The concentra-
tions of CIONO, were taken from recent calcula-
tions by Sze3%. Steady state concentrations of ClO
and Cl were computed on the basis of reactions

Table 3. Destruction reactions for HOCI and HOOCI in the stratosphere. Exponents indicate powers of ten.

No. Reaction AHR Eogs References
(kcal/mol) (cm3/molec. sec)  and remarks
30 HOCl +hy— Cl +OH +60.3 J=9.0"3 from Fergusson et al. 2?
31 HOClI +0 —ClI0O +OH — 3.5 2.0—13 estimate
32 HOOCI+hy— ClIO +OH +50.7 J=5.0""% estimate
33 HOOCI+0 — ClI0 -+HO, —13.2 20— estimate
— Cl00 +OH —12.7
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1 -7 set down in the introduction and were found
to agree favorably with the values given by Sze 3%;
the ClO concentrations are lower than the measure-
ments by Anderson !? indicate.

The concentration of ClO, can be obtained from
that of Cl and the equilibrium constant K; discussed
previously, provided the equilibrium is not disturbed
by other reactions. A number of sample calculations
were performed to ensure that this condition is met.
The forward rate constant of the equilibrium

Cl+0, + M == Cl00 + M

has been measured to have a value of approximately
1-10723 cm®/molecule sec '%:20 19 so that estimates
for the reverse reaction rates can be made for
various altitudes. The reverse reaction turns out to
be faster than many conceivable reactions of ClO,
with atmospheric constituents. We have also cal-
culated the approach to equilibrium as a function of
time and found it rapid. Time constants for the ap-
proach to equilibrium range from 1.4-1073sec at
20 km altitude to 7-1072 sec at 40 km. The rate of
ClO, formation at 20 km altitude is about twenty
times faster than the reaction of Cl atoms with
ozone, at 40 km it is still about twice as fast. It is
thus evident that the equilibrium is not perturbed.
The equilibrium number densities of ClOO computed
for the local temperatures and oxygen partical pres-
sures are also entered in Table 5.

Table 4.
Wave length Cross section Estimated absorption
(nm) (cm?) cross sections
for HOCL
220 1.6-10—18
260 6.7-10—1
280 4.5-10—1®
300 8.0-10—19
320 1.1-10—18
340 8.0-10—1°
360 3.3-10—1°
380 4.5-10—20
400 4.5-10—22

On the basis of these data and the rate-coefficients
given in Tables 2 and 3 one finds that the principal
reactions involved in the formation and loss of
HOCI are reactions 15, 16 and 30. Reaction 16
contributes about 10% to the total rate of HOCI
formation, i.e. it is much less important than reac-
tion 15. The formation of HOOCI involves mainly
reactions 14 and 21, and both reactions are about
equally significant. The loss of HOOCI occurs via
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reactions 32 and 33. Again, both turn out to be im-
portant. In calculating number densities of HOCI
and HOOCI, we have invoked the usual steady state
assumption. This assumption is reasonable for HOCI
in view of its short life time due to photodestruction,
about 10% sec. The steady state assumption is prob-
ably not rigorous in the case of HOOCI because its
life time in the lower stratosphere is 2-10* sec and
HOOCI may therefore be subject to accumulation
and transport. This aspect has been neglected here.
The steady state expressions for the concentrations
of these constituents are

n(HOCI) = k5 n(HO,)
+ kg n(Hy0,) 17 (C1O) /Juoc1» E (9)

n(HOOCI) = [kyyn(OH) n(Cl) n(M) E (10)
+kay n (HO,) n(C100) ]/ [k n(0) + Juooc] -

The computed number densities of HOCI, ClIO, and
HOOCI are shown in Fig. 1 as a function of altitude.
The corresponding mixing ratios are presented in
Fig. 2 in a similar way. Also shown in these figures
for comparison are the altitude profiles for Cl, ClO
and HCL

In discussing these results it should first be noted
that in the altitude regime considered here the con-
centration of ClOO differs from that of Cl by not
much more than an order of magnitude, so that it
does not tie up any appreciable amounts of chlorine.
This fact was noted earlier by Rowland and Mo-
lina ®. Since CIOO is lost predominantly by thermal
dissociation, it does not affect the Cl concentration
profile. CIOO acts as a precursor to HOOCI, but the
concentrations of the latter are also not sufficient to
influence the balance between Cl, ClO and HCI set
up by reactions 1 — 7 given in the introduction. The

Lo

30

HOOCI x10

Altitude (km)

10° 108 107 108 10°
CIX Number Density (cm™)
Fig. 1.
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Table 5. Number densities of key stratospheric constituents. Exponents indicate powers of ten.

Constituent Altitude (km) Source
20 25 30 35 40
M=N,+0, 1.918 8.417 3.817 1.817 8.518 Cole et al. 37
0,4 4.512 5.012 2.512 1.512 5.911 Shimazaki and Whitten 33
0 1:28 8.08 5.07 2.58 1.0° Shimazaki and Whitten 33
H, 1.012 5.01 2.0t 8.01° 3:11¢ Shimazaki and Whitten 33
CH, 2.512 1.0:2 3.J1 1.21 4.01° Shimazaki and Whitten 33
H,0 6.312 3112 1.612 6.311 4.01 Shimazaki and Whitten 33
H,0, 3.18 3.18 2.58 1.58 3.07 Shimazaki and Whitten 33
HO, 2.07 2.57 2.57 2.57 1.67 Shimazaki and Whitten 33
OH 6.0° 8.0° 3.08 8.08 1.07 Shimazaki and Whitten 33,
Anderson 36
HNO, 8.0° 5.0° 8.08 1.08 1.07 Shimazaki and Whitten 33
NO 8.08 1.22 1.1° 9.08 7.08 Shimazaki and Whitten 33
NO, 2.0° 3.19 3.1° 1.0° 3:18 Shimazaki and Whitten 33
HCl 9.58 7.58 4.58 2.88 1.68 Ackerman et al. ®
CIONO, 3.98 5.58 2.78 4.77 1.87 Sze 34
Cl 6.8% 1.5% 4.64 1.6° 4.6 Anderson 12, Sze 34
C10 ' 4.27 7.37 1.18 8.07 4.67 Anderson 12, Sze 34
Cl10, 1.15 6.44 6.04 4.54 2.34 This paper
v I ‘ * ficient were lower by a factor of at least three or
the HO, concentration were similarly higher com-
wkh . . . .
Cl0010 pared with the values used in our estimates. Such
| Hocl | possibilities exist, but we will not consider them in
detail due to the uncertainties associated with the
Y HOOCIx10 ] present estimates of the HOCI concentrations. The
3 A rate coefficient for the important reaction 15 is not
2 st 1 expected to exceed the value assumed (5-107!' cm?/
< . .
molecule sec), although it may be lower. Hence, it
%0 1 appears unlikely that the concentrations of HOCI
) ) ) ) will be much greater than those shown in Figure 1.
07 107 0™ 107 10°® This conclusion, of course, is based upon the list of

CIX Volume Mixing Ratio
Fig. 2.

concentration of HOOCI is perhaps even too small
to make its detection possible with present day opti-
cal techniques. Thus, HOOCI probably will remain a
hypothetical molecule. The concentration of HOOCI
would be much higher, however, if reaction 28:
HO, + CIONO, — HOOCI + NO; which was assumed
to be slow, were as rapid as reaction 15. The con-
centrations of HOCI are about a factor of ten lower
than those of ClO at all altitudes. The ratio is just
small enough to leave the ClO concentration profile
unaffected. The HOCI concentration would increase,
however, and the ClO concentration would decrease
somewhat, if either the HOCI photodissociation coef-

1 S. C. Wofsy and M. B. McElroy, Can. J. Chem. 52, 1582
[1974].

2 R. S. Stolarski and R. J. Cicerone, Can. J. Chem. 52,
1610 [1974].

reactions in Table 2 and the neglect of additional
ones which were not considered.

In summary, it has been shown that at least one
reaction each exists for the formation of HOCI and
HOOCI in the stratosphere. Also, we believe that an
improved value for the heat of formation of CIO0
has been derived; and the hypothetical molecule
HOOCI has been found to have a considerable
thermal stability.
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