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Puilsed laser photolysis kinetics study of the O(3P) 4 CIO reaction

J. M. Nicovich, P. H. Wine,® and A. R. Ravishankara®
Molecular Sciences Branch, Georgia Tech Research Institute, Georgia Institute of Technology, Atlanta,

Georgia 30332
(Received 23 June 1988; accepted 21 July 1988)

A pulsed laser photolysis technique has been employed to study the kinetics of the important
k

stratospheric reaction O + Cl0-Cl + O, in N, buffer gas over the temperature and pressure

ranges 231-367 K and 25-500 Torr. 351 nm pulsed laser photolysis of Cl,/O;/N, mixtures
produced Cl atoms in excess over O,. After a delay sufficient for the reaction

Cl + 03~ ClO + O, to go to completion, a small fraction of the Cl1O was photolyzed at 266 nm
to produce OCP). The decay of O(CP) in the presence of an excess, known concentration of
ClIO was then followed by time-resolved resonance fluorescence spectroscopy. We find that &,
is independent of pressure, but that &, (7)) increases with decreasing temperature. Our results
suggest that the Arrhenius expression k,(7) = (1.55 + 0.33) X 10~ ' exp{ (263 4 60)/T}
cm® molecule ™' s 7' is appropriate for modeling stratospheric chemistry. Errors in the
Arrhenius expression are 20 and represent precison only. The absolute accuracy of k, at any
temperature within the range studied is estimated to be + 20%. Our results agree with other
recent measurements of k,; at 298 K but give significantly faster rate coefficients at
stratospheric temperatures. A few measurements of the rate coefficient for the reaction

ks

ClO + ClO - products were also carried out. These measurements were necessary to assess the

time dependence of [ClO].

INTRODUCTION

The reaction of ground state oxygen atoms O(’>P) with
ClO radicals is the rate determining step in the dominant
catalytic cycle via which chlorine atoms destroy odd oxygen
in the middle stratosphere:

0 + ClO-0, +Cl, (1)
Cl+ 0,~CIO + O, 2)
Net: O + 0, =20,

The primary source of stratospheric chlorine atoms is the
photolysis of anthropogenic chlorofluorocarbons.

Seven measurements of k,(298 K) are reported in the
literature."” There is agreement among the five most recent
studies that 4£,(298 K) lies in the range 3.5-4.2x10~"
cm® molecule ™! s 1. The activation energy for reaction (1)
is known to be small,?>” but its value is not as well defined as
would be desirable for such an important stratospheric reac-
tion. In fact, it is not clear if k,(7) increases or decreases
with decreasing temperature. In addition to the abovemen-
tioned studies of reaction (1) at atmospheric temperatures,
one high temperature (1250 K) shock tube measurement of
k, has been reported,® as has one theoretical calculation of
k,(T) over the temperature range 220-1000 K.°

Because predictions of chlorine catalyzed ozone loss are
very sensitive to the value of &, (7) used in model calcula-
tions, it is important that this rate coefficient be determined
with high precision at stratospheric temperatures. Studies

*’ Author to whom correspondence should be addressed.
" Present address: Aeronomy Laboratory, National Oceanic and Atmo-
spheric Administration, 325 Broadway, Boulder, CO 80303.
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employing a variety of experimental techniques are desirable
in order to uncover possible systematic errors. All previous
studies of reaction (1) at ambient and subambient tempera-
tures'”’ employed discharge flow systems which were limit-
ed to total pressures of 10 Torr or less. It is interesting to note
that reaction (1) occurs on a potential energy surface with a
minimum along the reaction coordinate, i.e., the intermedi-
ate complex ClOO is a bound species whose ground state
correlates with O(PP) + ClO(X 27).'"° Reactions which oc-
cur on potential energy surfaces of this type often exhibit
negative activation energies and pressure dependent rates.
We have recently developed a pulsed laser photolysis
method for carrying out direct kinetics studies of radical-
radical reactions at pressures up to 1 atm, and applied this
method to study the temperature and pressure dependences
of the O + HO, reaction.'""'? Using an extension of the tech-
nique employed in the O + HO, investigations, we have
studied the kinetics of reaction (1) in N, buffer gas over the
temperature and pressure ranges 231-367 K and 25-200
Torr. Our results, which include observation of a significant
negative activation energy, are reported in this paper.

EXPERIMENTAL

A schematic of the apparatus appears in Fig. 1. The two
radical species were created via a scheme involving two sepa-
rate photolysis lasers. Under “slow flow” conditions, a gas
mixture containing Cl, and O, in a large excess of N, buffer
gas was first subjected to photolysis by a XeF excimer laser,

Cl, + Av(351 nm) - 2CL (3

© 1988 American Institute of Physics
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FIG. 1. Schematic diagram of the experimental apparatus. The abbreviations used are as follows: FT—flow transducer; Hg—mercury pen-ray lamp; PM—
photomultiplier tube; HV—high voltage power supply; MWPS—microwave power supply; RL—resonance lamp; DG—delay generator; PG—pressure
gauge; MCA—multichannel analyzer; D—doubling crystal; CE—counting electronics. For the sake of clarity, the resonance lamp and photomultiplier tube
are shown facing each other when, in fact, they were mounted at 90° to each other and perpendicular to the direction of the laser beams.

The combination of the excimer laser fluence and [Cl,] was
always large enough for the condition [Cl],> [0,], to hold.
During a predetermined delay period, ¢,, the reaction

Cl +0,-CIO + O, (2)

was allowed to go to completion. At this time the ozone in
the reaction cell had effectively been titrated by Cl atoms and
the initial value of [O,], could be related to [CIO] ., At the
end of this delay a second laser pulse, the fourth harmonic of
the fundamental wavelength from a Nd:YAG laser, photo-
lyzed a small fraction of the ClO,

ClO + Av(266 nm) —»Cl + O. (4)

The decay of oxygen atoms in the presence of excess ClO was
followed by monitoring the time dependence of fluorescence
signal which was continuously excited by a microwave dis-
charge resonance lamp. The lamp was operated with a low
pressure of helium ( < 1 Torr) containing a small fraction of
0,.

The ozone storage bulb contained a mixture of 1% to
2% O, in nitrogen, while the Cl, was stored neat. These
species were leaked through needle valves into the main gas
flow. Ozone in the gas flow was measured in a 35.0 cm ab-
sorption cell that was placed within a multipass optical ar-
rangement. Using modified White cell optics, 30 passes of

the 254 nm Hg line from a pen-ray lamp were sent through
the absorption cell for an effective path length of 10.50 m.
The chlorine was measured in a 216 cm absorption cell using
asingle pass of the 366 nm Hg line, also from a pen-ray lamp.
Both atomic lines were isolated using suitable bandpass
filters. Typically, the absorption cells were upstream from
the reaction cells, although in a few experiments the Cl, and
O, were measured after the flow exited the reaction cell.
Because Cl, absorbance at 254 nm was not totally negligible
[o = 1.6 1072 cm? (Ref. 13) ], the reference light intensi-
ty for the [O,] determination was always measured with Cl,
flowing. The Cl, absorption cross section at 366 nm and the
O, absorption cross section at 254 nm were taken to be
1.01 107" cm? (Ref. 13) and 1.147x 107" cm? (Ref.
14), respectively.

The Pyrex reaction cell measured 16 cm along its longer
axis and had an internal diameter of 4 cm. The two laser
beams counterpropagated along the longer axis. Around the
middle of the cell were four 1.5 cm diameter side arms, each
perpendicular to the long axis of the cell and at 90° to each
other. The resonance lamp radiation entered the cell
through one of the side arms and the fluorescence signal was
collected through a neighboring arm. The central portion of
the cell was surrounded by a jacket through which thermos-
tated liquids were flowed to control the temperature of the

J. Chem. Phys., Vol. 89, No. 9, 1 November 1988
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gas mixture inside the reactor. The gas mixture entered the
cell through several ports very near the window at one end of
the long axis and exited the cell through similar ports near
the opposite window. Because the chemistry initiated by the
excimer laser beam completely titrated one component (O;)
of the gas mixture within much of the cell volume, the cell
was designed to have minimum total volume and low dead
space, i.e., gas flowed through all volume elements of the cell
at approximately equal rates. The typical linear flow rate
through the cell was 14 cm s~ ' and the repetition rate of the
two laser sequence was usually 0.4 Hz. Therefore, the gas
mixture within the entire volume of the reaction cell was
replenished between excimer laser pulses. The temperature
of the gas mixture was measured by replacing one of the end
windows with an acrylic flange through which a copper-
constantan thermocouple could be inserted. The errors in
the reported temperatures are estimated to be no more than
+ 1.0 K at the extreme temperatures and less at intermedi-
ate temperatures.

Oxygen resonance lamp radiation was focused into the
reaction zone by a 2 in. focal length MgF, lens. The reaction
zone was viewed by a solar blind photomultiplier tube
through a similar lens. The volumes between the resonance
lamp and the reaction cell, and between the reaction cell and
the photomultiplier tube were purged with a mixture of 1%
O, in nitrogen. This excluded room air and also acted as a
filter of extraneous emissions from the resonance lamp. A
CaF, window between the cell and the photomultiplier tube
eliminated the possibility of hydrogen atom detection. Flu-
orescence signals were accumulated using photon counting
techniques in conjunction with multichannel scaling. Each
sweep of the analyzer was triggered simultaneously with the
excimer laser. From 50 to 500 flashes were averaged to ob-
tain sufficient signal-to-noise ratio for quantitative kinetic
analysis.

The total pressure in the flow system was measured with
a capacitance manometer. Due to the necessarily fast flow
rate and the small (4.0 mm i.d.) tubing connecting the var-
ious components of the flow system, there were measurable
pressure gradients between the absorption cells and the reac-
tion cell. Quantitative adjustments were made for these gra-
dients in the calculation of the Cl, and O, concentrations in
the reaction cell under each set of conditions. The magnitude
of the adjustment was largest at the lowest pressure (15% at
25 Torr) and negligible at the highest (19 at 200 Torr). The
nitrogen buffer gas comprised at least 94% of the mixture for
all experiments and its flow rate was monitored using a cali-
brated electronic mass flowmeter.

The concentration of ClO, the excess species in this
technique, was derived from the concentration of ozone as
measured *“in situ.” Therefore, it was not necessary to have
an absolute calibration of the photolysis laser fluences. How-
ever, it was important to know that following the excimer
laser pulse the condition [Cl] > [O;] held throughout the
reaction zone. Therefore, the excimer laser fluence was mea-
sured in each experiment. As will be discussed below, it was
also important to monitor the 266 nm laser fluence. Both of
these quantities were determined using a photodiode-based
calibrated radiometer. With the front optic of the excimer
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laser approximately 2 m from the center of the reaction cell,
the beam was rectangular in cross section and measured 2.0
by 4.0 cm. When measured through a 0.5 cm diameter aper-
ture, the fluence peaked at the center of the beam and
dropped off by 10% per 0.5 cm distance from the center in
both the vertical and horizontal directions. The beam from
the Nd:YAG laser was aligned at the center of the volume
irradiated by the excimer laser. It was estimated to be
0.4 + 0.1 cm in diameter.

The reagent purities and sources were as follows: N,
(99.999%, Spectra Gases, Inc.); Cl, (99.9%, Matheson Gas
Products, Inc.); O, (99.99%, Spectra Gases, Inc.). Ozone
was prepared in a commercial ozonator using UHP oxygen.
It was stored at 195 K on silica gel and degassed at 77 K
before use. The other gases were used without further purifi-
cation.

RESULTS

In the absence of competing reactions that either deplete
or enhance the ground state oxygen atom [O(*P)] concen-
tration, the temporal behavior of [O(*P) ] following the 266
nm laser pulse can be described by the relationship

In{[OC’P)],/[0OCP)], } = — (k[CIO) + k) (1 —1t,)
= —k'(t—1t,), (D
where
k;=ks[CL] + &, (I1)

In Eq. (1), k5 and k, are the rate coefficients for the follow-
ing processes:

O(CP) + Cl, - products, (5)

O(*P) —loss by diffusion from the viewing (6)
zone and reaction with background
impurities.

A typical experimental O (*P) temporal profile is shown
in Fig. 2. Unexpectedly, a significant buildup and decay of
O(P) occurred before the 266 nm laser fired; possible
sources of this O(*P) and its implications for our study of
reaction (1) are discussed below. It should be noted that the
vertical axis in Fig. 2 has units of concentration. To con-
struct Fig. 2, the fluorescence signal before the 266 nm laser
fired was scaled to account for the fact that the 351 nm laser
photolyzed the entire field of view of the detection system,
while the 266 nm laser photolyzed only 15% of the detector
viewing zone. The size of the viewing zone was estimated by
placing a series of apertures in front of the 351 nm beam and
noting the variation of fluorescence signal strength with
beam size.

Typical decays of O(*P) generated by the 266 nm laser
pulse are shown in Fig. 3. At each temperature and pressure
a minimum of five and an average of eight experiments were
performed at various values of [ O;],,. Because the Nd:YAG
laser fluence was measured in each experiment, the amount
of ClO lost via 266 nm photolysis could be quantified. The
expression

[CIO],, = [O;], — [OC°P)] (11D

was used to calculate the ClO concentration under the as-

L4 L
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FIG. 2. An experimental O atom temporal profile obtained under the fol-
lowing conditions: [Cl,] = 140X 10" -3

molecules cm ™7}
[03]10=7.27X10" moleculescm™% [Cl],=1.82X10"* molecules

cm™?; Total pressure =25 Torr; temperature =298 K; MCA dwell
time = 25 us.

sumption that no loss of ClO occurred during the delay
between photolysis laser pulses. The ratio {O(*P)]/[CIO]
immediately following the 266 nm laser pulse was deter-
mined for each experiment, and was typically in the range
0.01-0.04. Hence, it was appropriate to correct each mea-
sured decay rate for slight deviations from pseudo-first-or-
der conditions. These corrections were derived from com-
puter simulations of reactions (1), (5), and (6) under the
range of experimental conditions employed. Best fit values
foreach decay rate (k') were obtained from linear regression
analyses of the experimental data over at least 2 1/e times.
Each value of &' was then increased by 2% or less using the
appropriate non-pseudo-first-order correction. Representa-
tive plots of [C1O] vs k " are shown in Fig. 4, These data were
subjected to linear least squares analyses to give values for
k,. The results are presented in Table 1. Note the separate
columns for k&, (uncorrected) and k,(corrected). The for-
mer represents the best fit to the data when k' was not cor-
rected for non-pseudo-first-order behavior and [ClO] was
set equal to [O;], less the amount photolyzed to produce
[O(*P)]. Thelatter k, values include the small non-pseudo-
first-order correction to &' and additional corrections to
[ClO] discussed below.

The absorption cross section used to calculate the
amount of ClO photolyzed by the Nd:YAG laser was esti-
mated experimentally. The signal level immediately after the
Nd:YAG laser fired was directly proportional to the concen-
tration of oxygen atoms. If the Nd:YAG laser was not pre-
ceded by a pulse from the excimer laser, then the photolyte
was O;. If all the O, had been converted to ClO via reaction
with Cl atoms created in the 351 nm excimer pulse, then the
signal was due to C1O photolysis. Therefore, in back-to-back
experiments with constant [Cl,], [O,] and 266 nm fluence,
the ratio of O (*P) signal with and without 351 nm photolysis
should be identical to the ratio of the ClO and O, absorption

In[0] (arbitrary units)

6.0 9.0
TIME(ms)

o
w
o

FIG. 3. Typical O atom temporal profiles. These experiments were carried
out under the following conditions (all concentrations expressed in mole-
culescm™): 25 Torr total pressure; 7=298 K; [Cl,] =9.8x10'5;
[0;]1,=173x10"* (A), 5.15x10¥ (B), 8.76x10"* (C); and
[Cl]y = 1.10X 10" (A); 1.66X 10" (B), 2.29x 10" (C).
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FIG. 4. A k' vs [ClO] plot of typical data taken at 25 Torr total pressure of
N, and at three temperatures. Note that the 298 and 231 K data have been
displaced upward by 1000 and 2000 s~ ', respectively. Solid lines are ob-
tained from linear least squares analyses and give the following rate coeffi-
cients (in units of 10~ "' cm® molecule ™' s7'):4.99at 231 K, 4.07 at 298 K,
3.44 at 367 K.
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TABLE 1. Summary of k, determinations.*

Temperature Pressure k, % 10" (uncorrected)® k,x 10" (corrected)
(K) (Torr) (cm® molecule™'s™') (em® molecule™'s~ ")
231 25 4.64 +0.16 4.99 + 0.17
238 25 4.25 4043 447+ 043
252 200 3.10+0.22 3.9740.30
255 25 4.154+0.20 4.42 + 0.20
255 200 3.25+0.20 3954032
257 25 3.86 +0.15 410+ 0.11
257 25 4.30+0.15 447 + 0.19
275 25 3.94+0.17 4.10+0.16
298 25 3.55+0.21 3.84+0.14
298 25 3474025 3.594+0.25
298 25 3.51+0.14 3.62+0.13
298 25 3.87+0.36 3.93+0.36
298 25 3.894+0.15 4.07 4 0.17
298 50 3.91+0.23 4.07+0.24
298 50 3.624+0.15 398 +0.18
298 50 3.70+0.12 391 +0.11°
298 50 3.534+0.19 3.76 +0.14
298 50 376 +0.16 398 +0.14
298 100 3.73 +0.68 3.97 +0.67
298 200 3.39 +0.27 373+ 0.24
298 200 3.39+0.28 371 +£0.32
298 200 3.554+0.12 376 +0.13
298 500 3.18 +-0.16 4.03+0.20
338 25 3.16 + 0.60 326 +0.12
359 200 299 +0.14 3.09 +0.15
360 25 2.894+0.13 2.96 +0.12
367 25 3.354+0.13 344 +0.13

#Errors are 20 and represent precision only.

®Uncorrected values have not been adjusted for non-pseudo-first-order conditions and [ ClO] loss by reaction

(5). See the text for details.

¢ Carried out with 283 nm photolysis of CIO, under “reversed” and “normal” flow conditions.

cross sections at the Nd:YAG laser wavelength [the O('D)
product of O, photolysis is rapidly quenched to O(*P) by
N, ]. This experiment resulted in a value of 0.35 for the signal
ratio. If 0,4, (O;) is taken to be 9.0x 10~ "® cm? (Ref. 13)
then 0,4, (CIO) is ~ 3.1 10~ ' cm?. This is somewhat low-
er than the low resolution cross section at this wavelength
that is reported in the literature.'> However, we carried out
the identical signal level comparison near 283 nm, a wave-
length where the high resolution cross section has been char-
acterized.'® Using a frequency doubled, Nd:YAG pumped
tunable dye laser the rotational structure in the ClO spec-
trum was reproduced by observing the resonance fluores-
cence signal as the wavelength was scanned. At 282.95 nm,
the peaks of the R(19.5) and P(16.5) lines of the 4 %775,,—
X 25, 9-0 band, we observed a factor of 1.65 + 0.20 more
fluorescence signal when the excimer laser photolyzed Cl,
than when the excimer laser beam was blocked. Based on the
dye laser linewidth employed and the literature values for
the ozone and ClO cross sections, we expected a ratio of
1.80 4 0.40. This result confirms our value for 0,4, (CIO).
As mentioned above, the delay between the two laser
pulses ¢, was adjusted to be long enough for reaction (2) to
go to completion. The value of the Cl + O, rate constant is
reasonably well known'? so an appropriate delay time could
be calculated. As a check the delay time was varied until a
constant signal and decay rate were observed, indicating that

all the O, had been converted to Cl1O. The majority of experi-
ments were carried out with delay periods of either 3.4 or 6.4
ms.

The temporal behavior of ClO could be monitored by
following both the O(*P) signal level produced by 266 nm
photolysis and the measured value of k'. For some condi-
tions (lower temperature, higher pressures) it was observed
that ClO was decreasing on the time scale of the delay
between the two lasers. The disappearance of CIO is prob-
ably due to self-reaction, a process that has not been com-
pletely characterized.'” In order to make a correction for the
amount of C10 lost during the delay between laser pulses and
also during the O atom decay, a series of experiments were
carried out in which the delay time was varied at fixed [O,],
[CL,], and laser fluences.

For the process

ClO + CIO - products (7

the time dependence of [ClO] is described by the relation-
ship

2kt = [ClO], ' — [CIO] . (IV)

If we define k&, to be the second-order rate coefficient for
ClO removal under our experimental conditions, then plot-
ting [CIO],”' vs ¢ should yield a straight line of slope 2k ,.
and intercept equivalent to [CIO], !. The absolute concen-

J. Chem. Phys., Vol. 89, No. 9, 1 November 1988
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FIG. 5. A plot of [CIO] ' vs delay time. The open circles are based on C1O
concentrations calculated from the O atom decay at each delay and the
closed circles are based upon the fluorescence signal immediately following
the 266 nm laser pulse. The triangular point on the abscissa represents
[O;15 . Experimental conditions: 7 = 252 K; P = 200 Torr.

tration of ClO needed to determine k, was deduced in two
manners. In the first method, Eq. (I) was rearranged to cal-
culate [CIO]. Here &, was taken from fixed delay experi-
ments at the same experimental temperature and pressure.
k, was determined from Eq. (IV). Then the values for
[CIO] in the fixed delay experiments were adjusted to ac-
count for the loss of ClO during the delay. This procedure
was iterated until constant values of k, and %, were ob-
tained. The second method involved relating the signal level
immediately following the 266 nm laser pulse to the value of
[CIO]. The signal calibration could be arrived at by two
procedures. When enough data was available under the same
experimental conditions, a [ C10] vs signal calibration curve
was constructed. Otherwise, signal vs delay time was plotted
and extrapolated to time zero and that signal level normal-
ized to [ O,],. This normalization factor was then used to put

TABLE II. Summary of & ;. determinations.

5675

the signal level at each delay time on an absolute concentra-
tion scale. Because of the reciprocal relation in Eq. (IV), the
value of k, is quite sensitive to the scaling factor used in
setting the value of [ClO]. Also the signal level is quite de-
pendent on the operating conditions of the resonance lamp.
Therefore, the values of k,. determined from the first meth-
od are more precise. However, when using & ' as a measure of
[CIO], we assume that O atoms are removed only by reac-
tion with ClO and Cl,; this assumption appears to be justi-
fied. A typical plot of [ClO] ~ ! vs r appears in Fig. 5. The end
results of a number of such experiments appear in Table II.
These results are presented only as a measure of the phenom-
enological loss rate of ClO in our system, not as a definitive
measurement of k.

Hayman et al."” report 298 K values for k, which are
substantially faster than the values for &,. (298 K,P) we have
determined. However, our 255 K results appear to agree rea-
sonably well with Hayman et al.’s low temperature values
for k,. According to Hayman et al.,” reaction (7) has an
important branch to form a weakly bound dimer which can
either decompose or react rapidly with chlorine atoms. The
relevant reaction scheme is given below:

ClO + CIO 4+ M«>(ClO), + M, (7a, — Ta)
ClO + ClIO-0CIO + C], (7b)
ClO + ClO - other products, (7¢)
Cl + (Cl0),—Cl, + ClOO, (8)
CIOO+M-Cl+ 0, + M, (9)
Cl + ClIOO—-Cl, + O, (major), (10a)
Cl + CIOO - 2CIO (minor), (10b)
Cl 4+ OCI0-2Cl0. (1)

Hayman et al.'” obtained their kinetic data from a molecular
modulation study. They observed much smaller apparent
values for k, during the lights-off cycle (no chlorine atoms
present) than during the lights-on cycle (large concentra-
tion of chlorine atoms present). Hence, a plausible explana-
tion for the difference between our &, (298 K) determina-
tions and the &, (298 K ) values reported by Hayman et al.'’

No. of Range of
T(K) P(Torr) 107 "[C1), 107*[04]*  experiments t;(ms) 103k, B
252 200 4048 10.4 6 1.5-45 227+ 0.18
255 25 4.0-5.1 9.8 6 3.045 0.47 +0.19
255 200 3447 12.2 8 3.0-50 247+ 0.18
298 16 1.7-2.5 7.3 7 1.5-60 0.17+0.12
298 50 4.3-7.8 13.0 6 5.0-60 0.40 + 0.09
298 50 2.2-5.2 8.3 8 1.5-60 0.36 + 0.09
298 200 1.9-4.6 9.7 12 1.5-60 1.12 4+ 0.11
298 200 2.6-3.9 6.15 6 1.5-60 0.92 +0.18
298 500 3.2-34 11.8 6 2.0-45 1.63 + 0.17
298 500 3.7-4.0 5.9 5 1.5-35 2.94 + 0.63
359 200 2.0-2.5 9.3 5 3.0-45 0.38 +0.15

2 Units are molecules per cm®.
®Units are cm® molecule ™' s~
¢Errors are 20, precision only.
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TABLE I1I. Correction factors for loss of ClO via reaction (7) as a function of temperature, pressure, [O,],, and [Cl],/[O;],.

Nicovich, Wine, and Ravishankara: Kinetics of the O(*P)+ C!O reaction

255K 298 K 363 K
[O:]o [Cl]/[05]0® 25 Torr 200 Torr 25 Torr® 200Torr 500 Torr 25 Torr 200 Torr
2.0x 10" 10 0.993 0.970 0.996 0.986 0.970 0.997 0.994
2.0x 10" 5 0.961 0.943 0.976 0.968 0.956 0.987 0.984
6.0x 10" 6 0.983 0918 0.990 0.962 0.919 0.992 0.985
6.0x 10" 2 0.930 0.887 0.952 0.933 0.901 0.969 0.964
1.2x 10" 5 0.965 0.845 0.979 0.926 0.849 0.984 0.970
1.2x 10" 2 0.964 0.864 0.979 0.934 0.877 0.985 0.973

#Typical range of values for [Cl],/[O,], employed in k, determinations.
®k .. determined by interpolation to be 3 10~ '"* cm® molecule™'s™".

is that £ _,, (298 K) was substantially faster than k, [Cl]
under our experimental conditions, thus facilitating CIO re-
generation by dimer decomposition; this is, of course, a fa-
vorable situation for measurement of £, but would result in
systematic underestimation of k5. No clear variation of k.
with [Cl] is evident in our data, although our experiments
spanned a rather narrow range of chlorine atom concentra-
tions (Table II).

In order to make appropriate corrections for the loss of
ClO during the delay between laser pulses, a reaction system
consisting of reactions (2) and (7) was modeled under a
variety of initial conditions using literature values for
k,(T)'?andsetting k, = k,.. From these calculations aset of
correction factors (F) could be derived:

Fr,, - [CIO],{I/[O_;]O. (V)

Values of F, atf, = 3.4 ms are given in Table III as a func-
tion of temperature, pressure, [O; ], and [C1],/[O;],. Note
that the maximum correction is made for the highest value of
[ClO] for a given experiment; also, the longer the delay used
in an experiment the larger the correction applied. For a few
experimental conditions where &k, was great enough (i.e.,
high pressure, low temperature) a correction was made to
the observed k' for loss of ClO during the decay itself; this
correction never exceeded 1.4%.

As a further check on the consistency of our experi-
ments, the rate coefficient for reaction (1) was determined
at 298 K in 50 Torr N, using 283 nm photolysis of ClO rather
than 266 nm photolysis. The additional photolysis wave-
length was provided by the frequency doubled, Nd:YAG
pumped tunable dye laser. Also, to ensure that neither O,
nor Cl, were being lost in the flow system, a measurement of
k(298 K) was carried out with the two absorption cells
plumbed downstream from the reaction cell rather than in
the “‘normal” upstream position. Neither of these variations
in experimental parameters affected the observed kinetics.

As mentioned above, a significant O atom signal was
generated subsequent to the excimer laser pulse (Fig. 2).
Leu® and Vanderzanden and Birks'® have observed O atoms
from the reaction of chlorine atoms with ozone. The follow-
ing chemistry was proposed to explain their observations:

Cl+0,-ClO 4 O,(b '3 ,}), (2)
0,(b'3,") + 0,—0 +20,. (12)

Subsequently, Choo and Leu'” monitored O,(6 '2.;") di-
rectly by observing its near infrared emission and put an
upper limit of ~0.05% on the O,(b 'X,") yield from reac-
tion (2). Such a yield is much too small to account for the
observed levels of O(*P) produced in the Cl + O, stud-
ies.*'®* Choo and Leu have suggested that the O atoms may
be generated by reactions of vibrationally excited ClO
formed in reaction (2), i.e.,

Cl 4+ 0;-ClO*(v'<18) + O,, (2")
followed by

CIO*(v'>12) + 0,-0, + O + CIO (13)
or

CIO*(v'»3) 4+ Cl-ClL, + O. (14)

In our system Cl atoms are in excess over O, and, therefore,
in excess over the ClO created in reaction (2). Also, the
occurence of reaction (14) results in loss of two ClO mole-
cules which otherwise would have been present at 7, while
the occurence of reaction (13) results in loss of only one ClO
molecule. Hence, reaction (14) would potentially have the
larger effect on the CIO concentration in our experiments.
To examine the potential role of reaction (14) in consuming
ClO, we simulated the system chemistry using a Gear rou-
tine to solve the rate equations numerically. The following
scheme was modeled:

Cl + 0,~CIO* + O, 2")
Cl + ClIO*—Cl, + O, (14)
ClIO* + M—-CIO + M(M = N,), (15)
O + ClO-0, + Cl, (1)
ClO + ClO - products, (7
O + Cl,—CIO + Cl. (5a)

Although reactions (2”) and (14) may have other channels,
this scheme was devised to have the greatest impact on the
[CIO] at the end of the reaction period; therefore, only the
branches that deplete C1O were used. It should be noted that
a large dependence of the extraneous O(*P) signal on the
total pressure in the system was observed. This observation
would be consistent with quenching of either ClO* or
0,(b '2,.") by N,. k, and k; are known, and the other rate
coeflicients were adjusted to reproduce the magnitude and
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FIG. 6. Comparison of oxygen atom temporal profile immediately follow-
ing 351 nm laser pulse to computer simulation of reaction scheme discussed
in the text. Experimental conditions are as follows: 7=298 K;
[05], = 1.65x 10" molecules cm™3; [Cl,] = 1.42 X 10'® molecules cm ~;
[Cl], = 1.81x 10" molecules cm ™ *; pressure = 25 Torr. The reaction rate
coefficients used in the simulation are: k,=3.66x10""",
ky = 118% 1071 kg =2.91x10""% ko =3.0x10" %%
kyy =2.0x107"; k,, = 5.8 107 '3, All rate coefficients are in units of
cm® molecule ™' s~

temporal behavior of the O atom signal observed. Typical
results are shown in Fig. 6. It was found that the above reac-
tion scheme lead to no more than a 2% perturbation in the
concentration of ClO. Of course there is no direct proof that
the assumed reaction scheme is correct. However, it is the
worst case of the suggested possibilities and any corrections
would be quite small. Since the mechanism for O atom for-
mation following the excimer laser pulse is not well under-
stood, the effect of this chemistry on the ClO concentration
was not taken into account in the determination of ““correct-
ed” values for k, (Table I).

The combination of Cl, photolysis, Cl + O, reaction,
and ClO photolysis could result in some heating of the gas in
the reaction zone. Calculations which assume worst case
conditions, i.e., P = 25 Torr N,, [Cl], = 6 X 10"* molecules
per cm’, [O;],=1x10" molecules per cm’, [O],

=2 10" atoms per cm?, and all excess energy dissipated
as heat show that laser heating of the reaction zone could not
have exceeded 2 K in any experiment. This potential system-
atic error is negligibly small so it was not incorporated into
the data analysis.

As discussed above, several corrections were made to
either the observed k' values or in the calculation of [ClO]
from [O,],. For clarity this set of corrections is reiterated:

(a) A quantitative correction was made in &k’ for non-
pseudo-first-order conditions during the O atom decay. In
only a few cases did this exceed a 1% adjustment.

(b) [ClO] was corrected for the amount of ClO lost to
photolysis at 266 nm. This correction was dependent upon
knowledge of the laser fluence, which was monitored in ev-
ery experiment using a calibrated radiometer, and on our
estimated value of 0,4,(ClO). Because there was only a
small adjustment to [CIO] (on the average 3%) the final
results were not very sensitive to this correction. For exam-
ple, in an experiment where the fraction of ClO photolyzed
was above the average, an increase in 0, (ClO) of a factor
of 2 was found to change the final value of k, by only 4%.

(c) Using the loss rate of ClO determined in the same
system, a correction was made to [CIO] for the ClO that
undergoes self-reaction (or other loss processes) during the
delay time between laser firings. The largest corrections
were made at higher pressures, lower temperatures, and in
long delay experiments. Because the simulation of the pro-
duction and loss of ClO was sensitive to the errors in our
measurements of k., this correction has a rather large un-
certainty.

(d) A few decays were corrected for ClO loss during the
decay itself; however, this correction was insignificant under
most experimental conditions.

(e) It was concluded that of the known possibilities for
the source of O atoms prior to ClO photolysis, none could
have had more than a 2% effect on [ClO] 1> O corrections
were made for this chemistry.

Even though there were several corrections made in or-
der to reach a final value for &, at each temperature and
pressure, the magnitudes of the corrections were small in
most cases (see Table I), the corrections could be quantita-
tively applied, and in general, the results are self-consistent.
An Arrhenius plot of our data appears in Fig. 7. An un-
weighted least squares analysis of all data yields the expres-
sion

k((T) = (1.68 +0.31) x 10 " exp{ (241 + 53)/T)}

cm?® molecule ™! s, (VD)
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FIG. 7. Arrhenius plot of our results for k,(7,P). The dashed line repre-
sents an unweighted least squares analysis of the 25 Torr data only while the
solid line includes all data.
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where the errors represent 2o, precision only, and
o, =Aa,, ,. For the 25 Torr data only, the expression

k(T) = (1.55 + 0.33) x 10~ " exp{ (263 + 60)/T)}
‘ (VII)

is obtained from an unweighted least squares analysis. The
difference between the Arrhenius expression obtained from
the 25 Torr data and that obtained from the complete data
set is primarily due to the slightly lower rate coefficients
obtained at high pressure (200 Torr) and low temperature
(252-255 K). These rate coefficients required rather large
corrections for contributions from reaction (7) and, there-
fore, are more likely to be in error than rate coefficients ob-
tained at higher temperatures and/or lower pressures. For
this reason, we believe the Arrhenius expression obtained
from the 25 Torr data only should be preferred. The absolute
accuracy of k| at any temperature within the range studied is
estimated to be + 20%.

cm® molecule ™' s—

DISCUSSION

In all prior investigations, reaction (1) was studied by
flow tube techniques at pressures less than 10 Torr. The re-
sults of all studies are summarized in Table I'V. In the earliest
study Bemand et al.,' measured k(298 K) using resonance
fluorescence to monitor O(*P) in excess ClO. The CIO was
produced by the reaction

Cl + 0ClO-2CIO (11)

assuming a stoichiometric factor of 2. These workers report-
ed k,(298 K) = (5.3 +0.8) x10™"" cm? molecule ™' s™".
They also measured the rate coefficient by following the de-
cay of ClO mass spectrometrically in excess oxygen atoms
and obtained the result (5.7 +2.3)x107'" cm® mole-
cule™'s™ ! In a subsequent study in the same laboratory
Clyne and Nip? measured the temperature dependence of k.
Again, O(*P) was monitored by resonance fluorescence in

TABLE IV. Comparison of measurements of k,.

Nicovich, Wine, and Ravishankara: Kinetics of the O(*P) + ClO reaction

excess ClO, the latter species being generated via reaction
(2). The room temperature rate coefficient was in good
agreement with their previous study. They report a signifi-
cant activation energy and quote the Arrhenius expression
k,(T) = (1.07 £ 0.30) x 10~ " exp{ — (224 + 76)/T}
cm?® molecule ™ 's ™.

Zahniser and Kaufman® measured the temperature de-
pendence of the ratio k,/k,. Using a value of k, measured
directly in the same system these workers report
k,(T) = (3.38 4 0.50) x 10~ " exp{ (75 + 40)/T}
cm® molecule™'s™ .

The next reported investigation of k, ( 7) was performed
by Leu? using resonance fluorescence detection of O(*P) in
excess Cl0. CIO radicals were produced using three differ-
ent source reactions in order to validate stoichiometric as-
sumptions necessary to arrive at ClO concentration levels.
Reactions (2), (11), and

Cl + CLO~CIO + Cl, (16)

were the three sources used at room temperature. Reaction
(2) was used at all other temperatures. Leu’s value for %,
(298) is lower than the previously reported values and he
measured a small positive activation energy with
k (T) = (5.0 + 1.0) x 10~ " exp{ — (96 4+ 20)/T}

e¢m® molecule ™' s '. The use of reaction (2) as the only CIO
source in all experiments at 7" %298 K could result in a sys-
tematic error in Leu’s reported temperature dependence. At
the low pressures employed in Leu’s study, the ClO* + Cl
reaction may have competed favorably with C1O* deactiva-
tion, thus leading to overestimation of [ ClO]. Since the ratio
of k,,/k,5 may be temperature dependent, such an effect
could have been more important at one end of the investigat-
ed temperature range than at the other end. It should be
emphasized that while the abovementioned systematic error
in Leu’s [ClO] determination is possible, there currently
exists insufficient information concerning CIO* chemistry
to prove or disprove this conjecture.

k, (107" cm?® molecule ™! s )¢

Experimental Temperture Pressure
Investigators Reference method™® range (K) range (Torr) 210K 250 K 298K
Bemand, Clyne, 1 DF-RF(O) 298 ~1.0 5.3+038
and Watson 1 DF-MS(CIO) 298 0.75 57423
Clyne and Nip 2 DF-RF(O) 220426 0.90 3.68 4.37 5.05
Zahniser and 3 DF-RF(CI)¢ 220-298 2.0-4.0 4.83 4.56 4.35
Kaufman
Leu 4 DF-RF(0O) 236-422 1.0-3.5 3.17 3.41 3.62
Schwab, Toohey, 5 DF-LMR(CIO) 252-347 0.8-2.0 3.50 3.50 3.50
Brune, and Anderson DF-RF(Q)
Ongstad and Birks 6 DF-CL(O)* 220~387 2.3 4.14 3.85 3.61
Margitan 7 DF-LFP-RF(O) 241-298 10 4.20 4.20 4.20
Nicovich, Wine, This  LFP-RF(0O) 231-367 25-500 5.29 441 3.7
and Ravishankara work 25 5.42 4.44 3.75

* DF—discharge flow; RF—resonance fluorescence; MS—mass spectrometry; LMR—Ilaser magnetic resonance; CL—chemiluminescence; LFP—laser

flash photolysis.
®The monitored species is given in parentheses.
“Calculated from reported Arrhenius expressions.
9%(O + ClO) measured relative to k(Cl 4 O,).

®NO added to produce chemiluminescence via O + NO + M —NO%* - v + NO,.
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Schwab et al.’> employed an experimental apparatus in
which both reactants [ ClO by laser magnetic resonance and
O(*P) by resonance fluorescence] and one product (Cl
atoms by resonance fluorescence) could be monitored. [In-
terestingly, this is the only O + ClO study where ClO was
directly measured in the reaction zone.] Again, a somewhat
lower value was measured [k,(298 K) = (3.540.5)
% 107" cm® molecule ™! s~ !) and these workers observed
essentially no temperature dependence for k.

Ongstad and Birks® measured k,( T) in a discharge flow
system using the same three sources of ClO as Leu.* O(*P)
was followed via the chemiluminescence from NO¥ genera-
ted by reacting the oxygen atoms with NO added to the de-
tection region of their flow tube. These workers measured
k,(T) directly and also relative to the reaction

O + NO,-NO + 0,. (17)

In a successive measurement scheme &,,(7) was also mea-
sured. The relative measurements yielded somewhat higher
values, presumably due to nonpure source gases (Cl,0,
Cl0,, 0;) or other channels for the source reactions. Ong-
stad and Birks measured a value for k, (298 K) that agrees
with the other more recent studies and a small “negative
activation energy.” They reported the expression
k,(T) = (2.61 +0.60) x 10~ ' exp{ (97 + 64)/T)

cm® molecule ™! s,

The only other study of &, at or near room temperature
reported in the literature was by Margitan.” ClO radicals
were generated in a flow tube via reaction (16). Down-
stream from this source O (*P) was created by laser photoly-
sis of the Cl10O and followed by resonance fluorescence. The
ClO concentration was measured directly in the flow by ab-
sorption. However, large corrections (up to 209 ) had to be
made for ClO loss between the ClO detection region and the
O(’P) detection region. Margitan used literature values for
k- to make these corrections. Given the recent advances in
our understanding of reaction (7)," a large uncertainty
must be associated with the magnitude of Margitan’s correc-
tion for ClO loss via the self-reaction. His results are also
very dependent on the value chosen for the ClO absorption
cross section. Margitan reports that £ /R lies within the
range + 200 K and £,(298 K)= (42 +0.8)x10™"
cm® molecule™' s,

As seen by the comparison in Table IV, there is very
little difference between the value of £,(298 K) from our
experiments and from any of the other recent studies. How-
ever, at the lower temperatures typical of the middle strato-
sphere our results indicate significantly faster values for
k,(T) than any of the other recent investigations (see Table

IV). Hence, model calculations which employ our expres-
sion for k,(T) would predict somewhat larger ozone deple-
tion due to chlorofluorocarbon injection than calculations
which take k,(7) from previously available data.

SUMMARY

We have measured &, as a function of temperature and
pressure. Our results indicate a lack of any pressure depen-
dence at 298 K over the range 25 to 500 Torr. Although our
298 K rate coeflicient agrees well with previous studies, our
observation of an activation energy that is more negative
than any previously reported leads to a significant difference
between our result and other recent measurements at tem-
peratures relevant to stratospheric chemistry.
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