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Studies of reactions of importance in the stratosphere. IV.
Rate constant for the reaction Cl+HOCI-HCI+CIO over

the temperature range 243-365 K

Jac-E L. Cook, Christine A. Ennis, Thomas J. Leck, and John W. Birks®

Department of Chemistry and Cooperative Institute for Research in Environmental Sciences (CIRES),

University of Colorado, Boulder, Colorado 80309
{Received 9 September 1980; accepted 22 September 1980)

The title reaction was studied over the temperature range 243-365 K using the discharge flow technique with
mass spectrometry for detection. The rate constant was measured by detecting the loss of HOCI in the
presence of a large excess of chlorine atoms. The resulting temperature dependent rate constant is given by
k = (3.0+0.5)X 10~ ?exp[ ~ (130 60)/T] cm® molecule ™' s~', where the stated errors include our estimate of
the maximum possible systematic error. This reaction becomes a significant pathway to HCl in the
stratosphere when the total CIX exceeds 10 ppbv. Upper limits for rate constants for the reactions
HOC! + NO—products and HOC! 4 O,—products at 300 K were established to be 1.0x 10" and

4.0 107'* cm® molecule™' s, respectively.

I. INTRODUCTION
Recent studies of the reaction
HO, + C10 - HOC1 + O, (1)

have shown that the species HOCI is readily formed in
the stratosphere.!~® The rate constants measured by
Reimann and Kaufman, ! Stimpfle, Perry, and Howard, ?and
Leck, Cook, and Birks? are (3.8+0.5)x107!2, (6.3x1.0)
%1072, and (4.5+0.9)x10"!? cm®molecule™ ™! at 298 K,
respectively. The temperature dependence work of
Stimpfle ef al .2 demonstrated an enhanced reaction rate
at lower temperatures, suggesting that the rate constant
is as high as 1.5x107! at 220 K. It is necessary to de-
termine the subsequent chemistry of hypochlorous acid
in the stratosphere because of its potential effect on
ozone depletion estimates.

Photolysis appears to be the principal means of de-
struction of HOCI in the stratosphere. Ultraviolet ab-
sorption spectra have recently been reported by Molina
and Molina* and by Knauth, Alberti, and Clausen.®
These spectra are in excellent agreement in the wave-
length region 330~370 nm, where HOCI and CL,0 exhibit
near isosbestic behavior, and are in good agreement
throughout the wavelength region 200-460 nm when the
Molina and Molina data are corrected using the preferred
value of 0,082 for the equilibrium constant for the reac-
tion

CL;0 + H,0 = 2 HOC1 (2)

at 298 K. In the past there has been some controversy
with regard to the absorption maximum near 310 nm.

In early work of Timmons® and Hisatsune? this absorp-
tion maximum was absent, in agreement with theoreti-
cal predictions.“’g The presence of an absorption maxi-
mum near 310 nm has been substantiated in recent laser
photolysis experiments of Molina, Ishiwata, and Molina.!®
In those experiments, HOC1 was photolyzed using a mi-
crosecond laser pulse which served both as a photolytic
source and as an excitation source for detection of fluo-
rescence of OH radicals. They conclude that HOCI will

®Alfred P. Sloan Fellow.

photodissociate rapidly in the stratosphere and thus will
not serve as a significant reservoir for C1X in the
stratosphere. Reaction (1) does lead to an additional
catalytic cycle for destruction of ozone, as previously
discussed.??

Although the HOC1 molecule is not itself a chlorine
reservoir, we have investigated the possibility that
HOCI1 serves as an additional pathway to HC1 via the re-
action

HOC1+Cl1~HC1+ClO . (3
HCl is an important temporary sink for C1X in the stra-

tosphere, We report here the first measurement of the
rate constant and temperature dependence for Reaction

- (8) and compare the rate of this reaction in the strato-

sphere with other sources of HCL.

1l. EXPERIMENTAL
A. Reagents

The/suppliers and purities of gases are the same as
those of the previous study.® Dichlorine monoxide was
prepared as previously described.® Hypochlorous acid
was prepared by equilibrating 0.2 Torr of C1,0 with 18
Torr of H,O in a 22-1 silica bulb for 1 h or longer.

The bulb was subsequently pressurized to 760 Torr with
helium. Assuming a value of 0.08 for the equilibrium
constant for Reaction (2), 30% of the original C1,0 re-
mains unreacted. The presence of this C1,0 did not in-
terfere with the measurement of %, since the rate con-
stant was measured under pseudo-first-order condi-
tions by detecting the loss of HOCI in a large excess of
chlorine atoms. Ozone was produced by electrical dis-
charge in oxygen and stored on silica gel as described
previously.!' For titration of Cl atoms, ozone was de-
sorbed into a 22-1 silica bulb. The composition of the
0;/0, mixture was determined by decomposing a small
volume of the gas with a Tesla discharge and measur-
ing the pressure change with a Baratron capacitance
manometer. A typical gas mixture contained 90% ozone
by volume. Once the composition of the gas was deter-
mined, the silica bulb was pressurized to 780 Torr with
helium,
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TABLE I. Summary of experimental data.

Temperature Number of Pressure Flow tube Flow velocity Nitric [C1] range ky

(K) measurements (Torr) diameter (cm) (cms™) oxide (molecules cm™?) (cm® molecule™! s7!)?

243 6 2.0 2.6 1085 - (0. 85-2, 19)x 1013 (1.77+0.24)x 107"

243 4 2.0 2.6 1085 + (1.32-2.41)x 1013 (1.75+0,20)x 10712
All data at 243 K; (1.76+0.21) x 1072

258 3 2.0 2.6 1152 - (1.46-2.03)x 10" (1.79+0.08)x 1071

258 2 2.0 2.6 1152 + (1.08-2,29)x 10" (1.8420.04)x 107"
All data at 258 K: (1.81£0.07)x 107

300 10 2.0 2.6 1340 - (0.51-2.89)x 107 (1.92+0.18)x 1072

300 7 2.0 2.6 1340 + (0.43-2.75) % 109 (2.16+0.16)x 10712

300 1 3.0 2.6 1340 - 1.90x 10" 1.88x 1071

300 1 4.0 2.6 1340 - 1.72x1018 1.83x 10712

300 1 5.0 2.6 1340 - 0.89x 101 1.90% 10712

300 12 2.0 4.6 454 - (0.58—1.62)x 101 (1.7540.16)x 10712
All data at 300 K: (1.90+0.22)x 10712

365 6 2.0 2 1630 - (1.17-2.55)x 10%3 (2.18+0,22)x 10712

365 9 2.0 2.6 1630 + (0.79-3.08) x 1013 (2.08+0.16)x 10712
All data at 365 K: (2.12+0.18) x 1071

3 rror limits are one standard deviation.

B. Rate constant measurements

The rate constant for Reaction (3) was determined us-
ing the discharge flow method with mass spectrometry
for detection. A detailed description of this apparatus
is given in a previous article.® The gas mixture con-
taining HOCI was introduced through a fixed inlet on the
flow tube. Chlorine atoms were produced by microwave
discharge of a dilute mixture of molecular chlorine in
helium and introduced through the movable inlet.
Pseudo-first-order conditions were established with
at least a 20-fold excess of Cl over HOCl. The species
HOC1 was detected at m/e =52, the ion current being
measured both for the discharge on (Cl atoms present)
and the discharge off (no Cl atoms). The ion current
due to molecular chlorine at m/e =70 was simultaneously
measured, and the concentration of chlorine atoms de-
termined from the fractionof chlorine dissociated. Ti-
trations with ozone verified the fractional dissociation
method of determining the chlorine atom concentrations.
Both the appearance of ClO at »/e =51 and breakthrough
of O, observed at m/e = 48 gave end points that agreed
to within 5% of that calculated from the fraction of Cl,
dissociated.

The flow tube, discharge region, and movable inlet
were coated with phosphoric acid to prevent the hetero-
geneous recombination of chlorine atoms. Since chlo-
rine atoms were admitted through the movable inlet, it
was possible to determine wall loss of Cl in each kinetic
run. Any data for which there was greater than a 10%
decay of Cl along the full length of the flow tube (%5,
>1,6 s7!) were discarded.

Due to the very fast reaction
Cl+Cl,0-2ClO

k=9.8x10"" cm®molecule! s™! (Ref. 12) ,

(4)

all CL,O from the CL,0/H,0/HOC! mixture is rapidly
converted to ClO radicals in the flow reactor. We con-

sidered the possibility that the ClO radical produced in
both Reactions (3) and (4) would contribute to the ion
current at m/e = 52 by attaching H* in the ion source of
the mass spectrometer, thus resulting in a systematic
error. For this reason, approximately half of the ex-
periments were performed in the presence of nitric
oxide [NO]~5x10! molecules cm™. The rapid reaction

Cl0+NO—=Cl+NO, ,

{5)
ks=1.7x10"" cm®molecule™! s™! (Refs, 13-15)

returns all ClO to chlorine atoms, thus eliminating the
possibility of this error and guaranteeing first-order
kinetics.

The rate constant %, is given by
ky=(/1[C1]) In(HOC1],/[HOCL)) (6)

where v is the average linear velocity of gas in the flow
tube, [ is the distance from the point of mixing of the
reactants to the first sampling orifice into the mass
spectrometer, [Cl] is the chlorine atom concentration,
[HOC1], is the HOC1 concentration with the discharge
off, and [HOC1] is the HOCI concentration when the dis-
charge is ignited. Because of the cancelation of pro-
portionality constants, absolute calibration for HOCI is
not required, and the value of &, reported here is inde-
pendent of the equilibrium constant K;« Corrections for
axial diffusion were applied to the data, but were only
significant for the larger flow tube data, and in no case
exceeded 5%. Corrections for deviation from plug flow
(insufficient axial diffusion) were not required.

lll. RESULTS

The measurements of %, based on linear regression of
v[c1] [In([HOCL),/[HOC1])] on I are summarized in Ta-
ble I. Sixty-two measurements of k2; were made at four
temperatures in the range 243-365 K. The addition of
nitric oxide had no significant effect on the measured

J. Chem. Phys., Vol. 74, No. 1, 1 January 1981
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FIG. 1. Typical kinetic plots for individual measurements of
Ry at 300 K: A, [Cl1=4.31% 10" cm™, [NO]J=5.0x 101 cm™5;
a, (Cl)=1.11x 10! ecm™, NO absent; o, [{Cl1=2.29x 10" cm™,
[NOI=5.0% 10" em™,

rate constant, the average value of k4 being slightly higher
at 258 and 300 K in the presence of NO, but slightly lower
at 243 and 385 K. The rate constant was found to be in-
dependent of pressure in the range 2-5 Torr at 300 K.
Most of the data were obtained using a 2.6 cm i.d. flow
tube, .However, 12 measuremenis were made at 300 K
using a 4.6 cm i.d. flow tube. The average value of k4
obtained using the larger flow tube was lower by ~ 9%,

but since the means differ by only 10, we do not conclude
that there is a significant heterogeneous component to

the reaction,

Typical plots of In{{HOC1],/[HOCL]) vs I at 300 K are
provided in Fig. 1. Figure 2 is a plot of the first-order
rate %} vs chlorine atom concentration for all data at
300 K. The slope of the least squares line is 1.90
% 10712 em®molecule™ s, in exact agreement with the
average value of £}, and the intercept is ~0.056 s™.

Linear regression of Ink, on 7' results in the ex-
pression

ky=(3.0%0.3)x 1072 exp - (130+ 30)/7T] , (7N

where the errors are one standard deviation. In con-
sideration of all possible systematic errors, we enlarge
the uncertainties by an additional 7%, so that

ky=(3.0+0,5)x 10" exp[ - (130 60)/7] .

To be certain that HOC1 does not react with either
nitric oxide or ozone, we established upper limits for
these reactions by introducing these species in large
concentrations through the movable inlet. We were in-
terested in the reaction with nitric oxide since many of

(8)

547

the measurements of k, were performed in its presence.
The channel leading to HC1+NOQ,, although exothermic,
would not be expected to occur as a homogeneous gas
phase reaction because of the extensive rearrangement
of bonds required. We were interested in the reaction
of HOC1 with Qg4 as a possible route to chlorous acid
HOCIO in the stratosphere.

We observed no detectable change in the ion current
for HOCI in the presence of a large excess of nitric
oxide ((NO]=1.1x10' molecules cm™) over a reaction
time of 165 ms, Based on this result, we place a con-
servative upper limit on the reaction

(9)

of 1,0% 10717 ¢cm® molecule? s, Similarly, for a con-
centration of ozone of 8.4x 10" molecules cm™ we could
detect no change in the HOC1 signal over a reaction
time of 165 ms. We conclude that the rate constant for
the reaction

HOC1+ 0O, ~products

HOC1+NO - products

-1

(10)

is less than 4.0x 107** ecm® molecule™ s™!, Both upper
limits were determined at 300 K. For neither Reaction
(9) nor (10) could any products be detected in the mass
spectrum. In particular, the possible product HOClO
could not be detected at m/e = 68,

1V. DISCUSSION

In order to play a significant role in stratospheric
chemistry, Reaction (3) must compete with the reac~
tion

Cl+CH,~HCl+CH; , (11)

which is the major pathway to HCl. Figure 3 compares

80
a
407 8
A [+
‘o o
-~ % a
° ‘4
20—
AA
73
A
| L
0.0 1.0 2.0 3.0

[C1], molecules em (x163)

FIG. 2. Plot of first-order rate constant kI vs chlorine atom
concentration for all data at 300 K: 0, 2.6 cm i.d. flow tube,
NO absent; 0, 2.6 cm i.d, flow tube, [NO]=5,0x 10" cm™;
A, 4.6 cm i,d. flow tube, NO absent.
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the rates of reactions (3) and (11) as a function of altitude
in the stratosphere for the 1D model of Sze, }® incor-
porating our results for Reaction (3). This model uses
the HOCI absorption coefficients of Molina and Molina. *
For Reaction (1), the temperature -dependent results of
Stimpfle, Perry, and Howard? are scaled to the average
of the three determinations'~? at 298 K. The signifi-
cance of Reaction (3) is highly dependent on the total

CIX mixing ratio in the atmosphere, since the rate of
Reaction (3) increases approximately as the square of
C1X, whereas that of Reaction (11) increases more slow -
ly than the first power of CIX. The latter is due to the
fact that at high C1X concentrations reaction with chlo-
rine atoms becomes a significant loss process for
methane. For a model having 2.2 ppbv of C1X, Reac-
tion (3) accounts for less than 3% of the total formation
rate of HC1l. At 12.1 ppbv ClX, Reaction (3) accounts
for ~ 25% of the HC1 formation rate.

The background concentration of C1X in the strato-
sphere is still uncertain., The July 1977 measurement
of ClO by Anderson ef al.!” reached levels as high as
7 ppbv near 40 km for this single species, but numer-
ous measurements since that time have not reproduced
such high levels, the median peak ClO concentration be-
ing ~1 ppbv.!® Measurements of individual source com-
pounds such as CH,Cl, CCl,;, CH,CCl,;, HCl, CFCl;, and
CF,Cl, sum to approximately 2.2 ppbv total C1X. Con-
tinued release of CFCl; and CF,Cl; at their 1977 release
rates is expected to result in an increase in total C1X
to 7-9 ppbv at steady state. Reaction (3) has a negligible
effect on ozone depletion calculations for this scenario,!®

The 12.1 ppbv calculation of Fig. 3 corresponds to ap-
proximately twice the present release rates for F-11 and
F-12. The ozone column perturbations are —26% and
- 30% for this calculation with and without inclusion of
Reaction (3), respectively. We conclude that Reaction
(3) must be included in models of the stratosphere when

- total C1X exceeds 10 ppbv. This would occur if the back-
ground level of C1X were found to be much higher than
2.2 ppbv or if fluorocarbons were released at rates
much above the 1977 level.

Although releases of F-11 and F-12 have been approxi-
mately constant since 1973, the recent National Academy

of Sciences report!® considers a scenario (scenario D)
in which there is a 7% per annum growth of F-11 and
F-12 release between the years 1980 and 2000, followed
by a continuing constant release rate at the year 2000
level beyond that date. This results in a total C1X of

~ 20 ppbv and an ozone perturbation of —56.7% at steady
state. Inclusion of our results for Reaction (3) would
significantly lower this figure for ozone depletion. Re-
action (3) would be expected to play a significant role

in the more realistic scenario of continued fluorocarbon
release at 1977 levels if the background level of C1X
were found to be significantly higher than 2.2 ppbv or if
the photolysis rate of HOC1 were found to be much slower
than is presently accepted.
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