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ry = {ko[H*]*[BrO;7] + k//[H*]*[VO,*1[BrO,J{{MB]  (18) k' =k + k/[VO™],
the overall pseudo-first-order rate coefficient (23)
[VO,*][BrO,] = Kio[VO**][BrO;] (19) The plot of k" versus [VO?*] should yield a straight line with

where k,, is the equilibrium constant for eq 10. Substituting eq
19 into eq 18, we get

r = {ko[H*1?[BrO;7] + k[H*]?[VO**][BrO;7]}(MB]
where k. = k" = k'K, the catalytic constant.

In the presence of excess concentrations of H* and bromate
ions, eq 20 can be written as

and

where k. = k [H*]3[BrO;], the pseudo-first-order rate constant
for catalyzed reaction.

an intercept k¢’ and a gradient of value k./,?* which is observed
to be the case (Table IV). For the later stages of the reaction
with significant amount HOBr, the overall rate equation can be
represented by eq 24, which explains the slow and fast phases of
the reaction and also the role of bromide ion.

ry = ko[H*1*[BrO;7] + kg[H*][BrO;'[Br ¥ +
k [H*]?[VO**][BrO;7][MB] (24)

(20)
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The kinetics and product branching ratios of the BrO + CIO reaction have been characterized at 1 Torr of total pressure
over the temperature range 220~400 K with the technique of discharge-flow mass spectrometry. The measured overall reaction
rate coefficient is k; = (4.70 = 0.50) X 1072 exp[(320 % 40)/T] cm’ molecule™ s™!. Three product channels, identified
as Br + CIOO (l1a), Br + OCIO (1b), and BrCl + O, (lc) have been quantified: k&, = (2.9 = 1.0) X 10712 exp[(217 &
50)/T] cm® molecule™ s7!; ky,, = (1.6 % 0.4) X 10712 exp[(426 % 50)/T] cm® molecule™ s7%; k; = (5.8 & 2.0) X 107" exp[(168
% 50)/ 7] cm® molecule™ s™'. On the basis of these results, it is argued that the reaction mechanism for ClO + BrO, like
those of halogen monoxide self-reactions, involves metastable intermediate formation. In addition, emphasis is placed on
the significant impact of these results on current models of stratospheric ozone depletion, which neglect channel ¢ and the

temperature dependence of ;.

Introduction

The gas-phase self-reactions of halogen monoxide radicals (XO,
X = F, Cl, Br, I) exhibit a range of product channels and pressure
and temperature dependences.!® The CIO self-reaction, for
example, is strongly dependent on pressure and yields a host of
chlorine-containing products, i.e., Cl, Cl,, OCIO, and CL,0,. The
BrO self-reaction, on the other hand, displays no pressure de-
pendence and apparently produces only Br and Br, as the bro-
mine-containing species. The mechanisms for all of these reactions,
however, are thought to be the same: formation of a metastable
intermediate (X,0,*) followed by collisional stabilization or
unimolecular decomposition along one of several possible potential
energy surfaces.

X0 + X0 — X,0,* — X + X00 (a)
— X + OXO (b)

—X,+ 0, (©

— X,0, (d)

(1) Sander, S. P. J. Phys. Chem. 1986, 90, 2194.

(2) Sander, S. P.; Watson, R. T. J. Phys. Chem. 1981, 85, 4000.

(3) Hayman, G. D.; Davies, J. M.; Cox, R. A. Geophys. Res. Lett. 1986,
13, 1347,

(4) Clyne, M. A. A.; McKenney, D. J.; Watson, R. T. J. Chem. Soc.,
Faraday Trans. 1 1975, 71, 322.

(5) Wagner, H. G.; Zetsch, C.; Warnatz, J. Ber. Bunsen-Ges. Phys. Chem.
1972, 76, 526.

(6) Clyne, M. A, A.; Watson, R. T. J. Chem. Soc., Faraday Trans. 1 1974,
70, 1109.

According to this mechanism, the relative importance of the
possible product channels depends on the rates at which the
isomeric forms of X,0, (XO0X, XOXO, etc.) are produced, the
stabilization rates and thermodynamic stabilities of the dimers,
and the rates for X,0,* decomposition. Experimental studies of
the halogen oxide self-reactions have begun to provide, only re-
cently, the information required to critically assess the validity
of this mechanism as well as to provide it with a rigorous,
quantitative foundation.

Cross-reactions of halogen monoxide radicals can provide ad-
ditional insight into the details of halogen oxide reaction mech-
anisms and thermochemistry. The data base for these types of
reactions, however, is limited to a few, contradictory reports on
the reaction between ClO and BrO. Basco and Dogra,’ in the
earliest of these studies, concluded that the reaction proceeds at
298 K with a rate coefficient of (2.4 % 0.5) X 107'2 cm® molecule™
s! and yields mainly BrCl and O,. Subsequently, Clyne and
Watson® measured a room-temperature rate coefficient of (1.34
+0.3) X 107" cm® molecule™ s7! and provided strong evidence
for the equal importance of reaction channels yielding Br + CIOO
and Br + OCIO. Both of these studies were limited, however,
by the fact that the ClO + BrO reaction was studied as part of
a complex reaction system in which a multitude of reactions were
occurring.

(7) Basco, N.; Dogra, S. K. Proc. R. Soc. London, A 1971, 323, 417.
(8) Clyne, M. A. A,; Watson, R. T. J. Chem. Soc., Faraday Trans. I 1977,
73, 1169,
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Figure 1. Schematic of the discharge-flow mass spectrometer apparatus.
The source configuration shown was typical of most BrO decay mea-
surements.

Recently, Hills et al.® have studied this reaction in a more direct
fashion under pseudo-first-order conditions in excess ClO. They
report product yields similar to those obtained by Clyne and
Watson. However, the reported overall reaction rate coefficient,
(8.2 £ 1.0) X 102 cm® molecule™ s~ (no temperature dependence
observed), is significantly lower than that of Clyne and Watson.
In addition, they place an upper limit on the channel-producing
BrCl, which is approximately an order of magnitude below the
determination of Basco and Dogra.

Inadequacies in the current understanding of halogen oxide
reactions have been particularly exposed by the recent discovery
of dramatic ozone depletion in the Antarctic stratosphere.'®
Theories for this phenomenon have been proposed, which incor-
porate poorly known characteristics of the ClO self-reaction and
the reaction of C1O with BrO.}12  The impact of the C1O + BrO
reaction on Antarctic chemistry, in particular, depends critically
on the branching ratios, at stratospheric temperatures (190-220
K), of the channels giving Cl, OCIO, and BrCl, as well as on the
absolute rate constant for the overall process.

In the present study, we have obtained kinetics data from
220-400 K for the following reaction channels of Cl1O + BrO:

CiO + BrO — Br + CiO0 (1a)
~ Br + OCIO (1b)
— BrCl + O, (lc)

Experimental results were obtained at a pressure of 1 Torr from
a discharge-flow reactor coupled to a quadrupole mass spec-
trometer. The apparatus is similar to those employed by Hills
et al.? and Clyne and Watson.? In the present study, however,
we have employed a wider variety of chemical source conditions
in order to fully elucidate the reaction pathways. We have also
obtained kinetics data for reaction 1 at higher pressures using the
flash photolysis—ultraviolet absorption technique. The results of
that work are presented in the following paper in this issue.

Experimental Section

Investigations of the ClIO + BrO reaction were conducted with
an 80-cm-length, 2.54-cm-0.d. Pyrex tube that was coated with
halocarbon wax (Figure 1). Temperature control (220-400 K)
of the reactor was achieved by circulation of cooled methanol or

(9) (a) Hills, A. J.; Cicerone, R. J; Calvert, J. G.; Birks, J. W. J. Phys.
Chem. 1988, 92, 1853; (b) Nature 1987, 328, 405.

(10) Farman, J. C.; Gardiner, B. G.; Shanklin, J. D. Nature 1985, 315,
207.

(11) McElroy, M. B.; Salawitch, R. J.; Wofsy, S. C.; Logan, J. A. Nature
1986, 321, 759.

(12) Molina, L. T.; Molina, M. J. J. Phys. Chem. 1987, 91, 433.

(13) Baulch, D. L; Cox, R. A,; Hampson, R. F.; Kerr, J. A; Troe, J.;
Watson, R. T. J. Phys. Chem. Ref. Data 1984, 13, 1259.

(14) Demore, W. B.; Molina, M. J.; Sander, S. P.; Golden, D. M,;
Hampson, R. F,; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R. Chemical
Kinetics and Photochemical Data for Use in Stratospheric Modeling, JPL
Publication 87-41; Jet Propulsion Laboratory: Pasadena, CA, 1987.
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heated ethylene giycol through an outer Pyrex jacket. A gaseous
flow, consisting predominantly of He and ranging from 10 to 25
(STP) cm? 57!, was established within the reactor by connection
to a 50 cfm mechanical pump (Welch 1398). The resulting
gaseous residence times in the reactor were between 20 and 50
ms. In order to protect the pump, chlorine- and bromine-con-
taining gases were trapped at liquid nitrogen temperatures
downstream of the reactor.

Mass spectrometric detection of reactants and products was
employed with continuous sampling at the downstream end of the
flow tube through a three-stage beam inlet system. The Extra-
nuclear spectrometer consisted of an electron-impact ionizer,
operated at 25 eV, a quadrupole mass filter, and a channeltron,
Ion beams were detected by lock-in analog signal processing.
Beam modulation was accomplished with a 200-Hz tuning fork
type chopper placed inside the second stage of the mass spec-
trometer.

Halogen monoxide radicals were added into the reactor through
a 120-cm-length, 0.63-cm-o.d. sliding Pyrex injector tube that was
concentric with the reactor tube and a 20-cm-length, 1.2-cm-o0.d.
fixed side arm positioned at the upstream end of the reactor. Both
chemical source regions were coated on the inside with halocarbon
wax. The sliding injector was also coated with halocarbon wax
on the outside surface. Residence times within the chemical source
regions varied depending on the partitioning of the mass flow but
were typically 100 ms in the sliding injector and 20 ms in the side
arm. Contact times between the two radical flows were varied
by movement of the injector.

Radical generation inside the source regions was accomplished
by chemical titrations involving atomic and molecular precursors.
Atomic species were generated from diatomic precursors such as
Cl,, Bry, and O, in Evenson-type microwave cavities that were
attached to both the injector and the side arm. BrO radicals were
generated for most experimental runs by the reaction of oxygen
atoms with excess molecular bromine:

O + Br, — BrO + Br )
k,(298 K) = 1.4 X 107! cm? molecule™! 57113

For one set of experiments, BrO was generated by titration of
bromine atoms with excess ozone:

Br+ O; —BrO + O, 3)
ky = 1.7 X 107! exp(-800/ T) cm® molecule™! 57114

ClO radicals were generated by reaction of chlorine atoms with
either dichlorine monoxide, chlorine dioxide, or ozone.

Cl + CLO — CIO + Cl, (4)
Cl + OCIO — CIO + CIO (5)
Cl+0,—CIO + O, (6)

ks = 9.8 X 107! ¢m® molecule™! 57! 14
ks =59 X 107! ¢cm® molecule™ 57114
ks = 2.9 X 1071 exp(-260/T) cm® molecule™ 571 14

For a particular set of experiments, the choice of ClO source and
of source conditions (e.g., excess Cl) was predicated on consid-
erations of mass spectral interferences as well as possible com-
plications due to secondary chemistry.

Extraction of kinetics parameters from temporal profiles of
reactants and products required absolute concentration calibrations
of mass spectral signals. Calibrations for C1O (/e = 51), BrO
(m/e = 95), OCIO (m/e = 67), and O, (m/e = 48) were ac-
complished by chemical conversion to NO, with excess NO. The
stoichiometries of these titrations were 1 in all cases except for
OCIl1O where it was 2, i.e.

OCIO + NO — CIO + NO, N
ClO + NO — Cl + NO, 8)
OCIO + 2NO — CI + 2NO; (net)
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The resultant NO, signals observed at m/e = 46 were converted
to concentrations by comparison with previously obtained NO,
calibrations. NO, signals, as well as those from Br, (m/e = 160),
BrCl (m/e = 116), and O, (m/e = 32), were calibrated by
comparison with measured flows of those species. Detection limits
for the molecules and radicals of interest were found to range
between 1 X 10% and 5 X 10® molecules cm™. One molecule of
interest, CIOO, could not be detected mass spectrometrically due
to its rapid decomposition under the experimental conditions,!*

The gases used in these experiments were obtained from
Matheson and Alphagaz with the following purities: He, 99.999%;
NO, 99% (further purified by passage through an Ascarite trap);
NO,, 99.5%; Cl,, 99.99%; O,, 99.99%. Isotopically labeled oxygen,
3%Q,, used in one set of experiments, was obtained with 98% purity
from Cambridge Isotopes. Br, was obtained from Fisher (99.5%)
and was purified by vacuum distillation at 196 K. A gaseous
sample of Br, was drawn off the liquid, diluted with He, and stored
in a glass reservoir. BrCl was prepared by mixing an excess of
Cl, (20~-100 Torr) with Br, (26 Torr). An equilibrium mixture
of BrCl, Br,, and Cl,, greatly favoring BrCl relative to Br,, was
allowed to develop over a 24-h period. The partial pressure of
BrCl isn the mixture was determined with the equilibrium con-
stant!

Ky = 7.63 = [BrClJ2/([Br,} [Cl,])

The molecular precursors of ClO were obtained as follows.
C1,0 was prepared by reaction of Cl, with yellow HgO (Baker)
at 196 K.! The reaction mixture was allowed to stand for several
days, whereupon the Cl,O was collected in a trap held at 97 K
as the product of a room-temperature vacuum distillation. The
collected Cl,0 was purified by vacuum distillation at 155 K
(ethanol bath) and subsequently stored at 97 K. During exper-
imental runs, Cl,O was maintained at 196 K and was bubbled
into the reactor with a measured flow of He. O; was produced
in an ac discharge (Welsbach Model T-408) of O, and stored on
silica gel at 196 K. O; was eluted into the reactor in a manner
similar to that of CL,O. To dispose of the O, safely after passage
through the reaction chamber, a 50-cm-long quartz tube wrapped
with nichrome wire was placed upstream of the liquid nitrogen
trap and the mechanical pump. With the quartz tube heated to
900 K, nearly all of the O, decomposed within that region. Only
small amounts of O; were collected in the liquid N, trap after
hours of experimentation. OCIO was directly added into the
reactor after it was generated by flowing Cl,/He mixtures through
a column packed with NaClO, (Baker). The Cl, flow rates were
sufficiently low to insure nearly complete removal of the Cl, before
entry into the reactor.

Results

Kinetics of BrO Decays. The behavior of BrO [(1-3) x 10!
molecules cm™3] was investigated in the presence of excess Cl1O
[(1~-20) X 10'2 molecules cm™3]. For this set of experiments, BrO
was produced by titration of oxygen atoms with excess molecular
bromine [(5~20) X 10" molecules cm™] (reaction 2). The ad-
vantages of this BrO source over one involving excess O; (reaction
3) were 2-fold. First, possible regeneration of BrO within the
reactor by reaction of O, with any bromine atoms produced from
reactions la or 1b was avoided. Second, the excess Br, acted as
a scavenger of chlorine atoms.

Cl + Br, — Br + BrCl 9)
ko = 1.7 X 107! cm? molecule™ 5717

Chlorine atoms, produced in reaction la and in the ClO self-re-
action, if left unscavenged, were capable of depleting BrO by the
reaction

Cl + BrO — Br + CIO (10)

ki = 2.0 X 1071 ¢cm?® molecule™! s71 7

(15) Loewenstein, L. M.; Anderson, J. G. J. Phys. Chem. 1984, 88, 6277.
(16) Schack, C. J.; Lindahl, C. B. Inorg. Nucl. Chem. Lett. 1967, 3, 387.
(17) Toohey, D. W.; Anderson, J. G. J. Phys. Chem. 1988, 92, 1705.
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Figure 2. BrO decay in the presence of ClO at 245 K. Numbers are C1O
concentrations (10'2 molecule cm™?). For [ClO] = 0.0, the increase in
BrO signal is due to the decrease of BrO loss on the injector.

ClIO was generated for these experiments by titration of Cl,0
or OCIO with excess Cl. The use of excess Cl atoms alleviated
difficulties due to reactions of the molecular precursors with
bromine atoms generated by the O + Br, reaction

Br + CL,O — CIO + BrCl (11
Br + OCIO — BrO + CIO (12)
ki = 3.8 X 1072 cm? molecule™! s7' 14

ki; = 4.2 X 107 cm?® molecule™ 5718

In addition, the removal of Cl,0 and OCIO simplified the in-
terpretation of the mass spectral signals observed at m/e = 51.

At 298 K, kinetics data were obtained with the BrO admitted
into the reactor through the 1.2-cm-o.d. side arm as well as through
the 0.63-cm-o.d. sliding injector. Reversal of the CIO and BrO
sources was attempted in order to investigate possible effects on
source chemistry due to the higher pressures, increased surface
to volume ratio, and longer reaction times associated with the
sliding injector. At temperatures other than 298 K, however, the
sliding injector could not be used for BrO generation. This was
due to the significant temperature dependence of BrO loss inside
the injector. As the injector was moved, the fraction of injector
surface held at ambient temperature relative to the surface that
was cooled or heated varied. This variation resulted in relatively
large and irreproducible fluctuations in the BrO concentrations
admitted to the reactor. This effect was much less pronounced
for C1O. Accordingly, for temperatures other than 298 K, BrO
was added to the reactor through the fixed side arm and ClO was
added through the sliding injector.

First-order BrO decay rates, k,’, were obtained from the slopes
of plots of logarithm of BrO signal vs injector distance (Figure
2) and the measured flow velocity. The observed decays were
corrected for axial diffusion and for loss of BrO on the injector
according to eq I,'® where D is the diffusion coefficient, & is the

kb =k (1+k/D/D?) +k, (1)

mean bulk flow velocity, and k; is the first-order loss of BrO on
the outside surface of the sliding injector. For experiments at 298
K where BrO was added through the sliding injector, eq I was
modified by substitution of the term —k,, (first-order BrO loss on
the reactor wall) for k,. The diffusion coefficient for BrO in He
was estimated from the data of Marrero and Mason'® for krypton
in helium. The estimated values of D ranged from 0.39 atm cm?
sl at 220 K to 1.07 atm cm? s™! at 400 K. Corrections for axial
diffusion, in parentheses in eq I, were always less than 2%. Losses
of BrO on the injector and reactor walls were measured before
every set of experiments and were always less than 5 s71,

The bimolecular rate constants, k,, for the overall decays of
BrO at various temperatures were determined from the slopes of
least-square fits to the plots of k} vs CIO concentrations (Figure

(18) Howard, C. J. J. Phys. Chem. 1979, 83, 3.
(19) Marrero, T. R.; Mason, E. A. J. Phys. Chem. Ref. Data 1972, 1, 3.



Kinetics and Product Studies of CIO + BrO

The Journal of Physical Chemistry, Vol. 93, No. 12, 1989 4759

TABLE I: Summary of ClO + BrO Rate Coefficient and Product Yield Data®

ref temp, K k;, 107! cm?® molecule™ s k), /k; kip/k, kyo/k, kigric/ K

7 298 0.24 1.0 (assumed)

8 298 1.34 0.5 0.5

17 298 1.4 0.45

9 241 0.80 0.42 0.50
305 0.84 0.44 0.53 <0.02
408 0.83

this work® 220 2.15 £ 0.30 27) 0.55 £ 0.07 (18) 0.06 £ 0.03 (28) 0.45 £ 0.10 (33)
245 1.72 £ 0.22 (11)
268 1.54 £ 0.20 (12)
298 1.29 £ 0.19 (40) 0.48 £ 0.07 (21) 0.08 £ 0.03 (13) 0.48 £ 0.10 (54)
350 1.21 £ 0.20 (7)
400 1.10 £ 0.20 (12) 0.44 £ 0.07 (12) 0.08 £ 0.03 (18) 0.52 £ 0.12 (33)

?Rate expressions inferred from the present work: kj, = (2.9 % 1.0) X 1072 exp[(217 % 50)/T] cm?® molecule™ s7, ki, = (1.6 £ 0.4) X 1012
exp[(426 £ 50)/T] cm?® molecule™ 57, and &y, = (5.8 £ 2.0) X 107 exp[(168 £ 50)/T] cm® molecule™! s™'. ®Note: Numbers of experimental

measurements are given in parentheses.
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Figure 3. First-order decay rates, kI, of BrO as a function of [ClO] at
298 K (®) and 220 K (aA).

3). The set of experimentally determined rate coefficients are
shown in Table I and Figure 4. The data can be fit to an
Arrhenius expression of the form

k, =
(4.70 % 0.50) X 107'2 exp[(320 % 40) /7] cm® molecule™! s™!

where the quoted uncertainty is at the 95% confidence limit.

Product Yields of OCIO. The experimental conditions employed
for the determinations of BrO decays, i.e., Br, in excess over
oxygen atoms and chlorine atoms in slight excess over Cl,0, were
also well suited to observations of OCIO production. The presence
of excess Br, resulted in rapid removal of chlorine atoms (reaction
9) on a short time scale compared to the formation of OCIO by
reaction 1b. Consequently, OCIO removal by chlorine atoms
(reaction 5) was negligible. Bromine atom concentrations, re-
sulting from reactions 2 and 9, were significant. However, the
removal rate of OCIO by Br (reaction 12) was on the order of
1 571, assuming an upper limit of 5 X 10'2 molecules cm™ for Br
concentrations, and could be neglected. The possibility of OCIO
removal by CIO

ClIO + OCIO — products (13)

was investigated in a separate experiment that utilized the titration
of Cl with excess Cl,0 as the ClO source. The observed temporal
behavior of OCIO in this system provided no evidence for the
occurrence of reaction 13 (k3 < 1 X 10713 cm?® molecule™ s71).

Production of OCIO by reaction 1b was quantified relative to
loss of BrO. This was accomplished by monitoring changes in
BrO and OCIO concentrations when the ClO source (i.e., chlorine
atom discharge) was turned on and off. Small amounts of signal
at m/e = 67 were also generated by the ClO self-reaction. This
background level was taken into account by turning the BrO source
(i.e., oxygen atom discharge) off. Data were obtained for a variety
of reaction times and reactant concentrations (Figure 5). The
observed OCIO yields (k,/k,) were 0.55 £ 0.07 at 220 K, 0.46
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Figure 8. Production of OCIO as a function of BrO loss at 298 K (®)
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£ 0.07 at 298 K, and 0.44 % 0.07 at 400 K. With BrO added
through the sliding injector, the OCIO yield was 0.49 % 0.07 at
298 K (Table I).

Product Yields of O,. Substitution of isotopically labeled
oxygen, *Q,, as the oxygen atom precursor in the microwave
discharge allowed for monitoring of molecular oxygen production
from reaction 1.

50 + Br, — Br!'®0 + Br 29
Br'#0 + CI'60 — Br + CI!$080 (12"
CI'$0'80 + M — Cl + #0, + M (14)

kig =
8.7 X 107°(T/300)'* exp(-3000/ T) ¢m? molecule™! 571 14
Br!3Q + CI1}0 — BrCl + 0, (1c)
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Data for Br'®*O and 3*O, were obtained and analyzed in a manner
similar to that employed for OCIO measurements. Calibration
factors for 3*Q, (m/e = 34) and Br'®O (m/e = 99) were assumed
to equal those determined for the more abundant isotopes. These
assumptions were checked indirectly as follows. First, calibration
factors for 320, and 0, were measured and found to be equal
within experimental error. Second, a relative calibration factor
was determined for Br'®0 by titration with N!0 and detection
of N30,. The signal ratio between Br'*O and N340, was found
to be similar to the ratio obtained between Br'®O and N*20,. A
reasonable, although not unique, interpretation of the above results
is that the mass spectral calibrations are insensitive to the isotopic
identities of O,, NO,, and BrO.

O, production was investigated at 220 and 298 K. A significant
amount of 3*0, was produced in the BrO source region due,
perhaps, to recombination of isotopically different oxygen atoms
and to self-reaction of BrO isotopes. This background signal was
readily accounted for by turning off the ClO source. The mo-
lecular oxygen yields from reaction 1 ([k), + k\]/k,) were found
to be 0.45 % 0.10 at 220 K, 0.47 £ 0.10 at 298 K, and 0.54 =
0.10 at 298 K with BrO added through the sliding injector.

Product Yields of BrCl in Excess Br,. The presence of a high
Br, concentration (=1 X 10'3 molecules cm™) in the reactor
ensured rapid and complete conversion of chlorine atoms to BrCl
through reaction 9. Consequently, the combined yield of BrCl
from channels 1a and 1c could be determined in a reaction system
containing excess Br,. In order to accomplish these measurements,
a ClO source was required that did not contain excess Cl or CL,O
due to the substantial interference to the BrCl signal caused by
the reaction of these excess reagents with Br, or Br (reactions 9
and 11). The ClO source chosen for this set of experiments,
therefore, consisted of Cl and a slight excess of OCIO. Reaction
of the excess OCIO with Br (reaction 12} did not directly interfere
with BrCl measurements and had only a slight impact on BrO
concentrations under the experimental conditions employed. The
BrO source for these experiments was the same as used for the
previously described measurements, i.e., O + Br,.

As with the other product yield studies, production of BrCl was
quantified relative to the loss of BrO. A background source of
BrCl due to Cl atoms generated in the CIO self-reaction was
quantified by turning off the oxygen atom discharge while
maintaining the molecular bromine flow. With BrO added
through the sliding injector at 298 K, the measured BrCl yield
in excess Br, ([k), + k.]/k,) was 0.46 £ 0.07. This value com-
pares quite favorably with the value obtained from the O, yield
experiment. However, when BrO was added through the side arm,
BrCl yields approaching unity were measured. We believe that
these large values were due to interference from reactions of
bromine atoms with the ClO dimer, Cl1,0,.

CIO + ClO + M — CL,O, + M (15)
ks = 4.0 X 10732(T/300)"% cm® molecule™® s! (M = N,)*¢

Br + CLO, — BrCl + CI0O — BrCl + Cl + O, (16)

Br + CL,0, — BrCl + OCIO (17)

Unlike the previous sets of experiments, significant dimer
concentrations in the source region were possible in this experiment
due to the removal of chlorine atoms by the excess OCIO.
Chlorine atoms are known to react rapidly with the ClO dimer
and would otherwise ensure its complete removal.?

As a check of the ClO dimer hypothesis, the mass spectrometer
was set at m/e = 102, 104, and 106. With the BrO source off,
a signal was detected at all of these settings in ratios consistent
with that expected for Cl,0,. We were unable, however, to
calibrate these signals due to the lack of a simple chemical titration
scheme. Therefore, as a further check of this hypothesis, the
0.63-cm-o.d. injector was replaced with one 0.95 cm in outer
diameter. The total pressure inside the larger injector was found
to be nearly 3 times less than in the smaller one. Consequently,
the pressure-dependent formation of Cl,0, was significantly
suppressed in the 0.95-cm-o.d. tube. BrCl yields measured with
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Figure 6. Concentration profiles of BrO (@) and BrCl (A) in the pres-
ence of CIO (7 X 10'2 molecules cm™) and excess O3 (4 X 10" molecules
cm™) at 298 K. A least-squares fit (solid line) to the BrO data reveals
a first-order reaction rate loss of 7 s™\. The flow velocity in this exper-
iment was 2280 cm s7!, and the BrO loss on the injector was 3 s7'.

this injector were 0.63 £ 0.10 at 220 K, 0.58 £ 0.10 at 298 K,
and 0.66 £ 0.10 at 400 K. These results strongly implicate C1,0,
in the secondary chemistry that produces BrCl. We consider the
yields observed in these latter experiments to be upper limits to
the true yields since Cl,0, formation was not completely sup-
pressed in the 0.95-cm-o0.d. injector. The BrCl yield measured
when ClO was made in the fixed side arm should be substantially
free of this interference and should be considered the best method
for measuring this quantity.

Product Yields of BrCl and OCIO in Excess O,. Production
of BrCl and OCIO from reaction 1 was also investigated in the
presence of large concentrations of O; [(1-5) X 10'* molecules
cm™3]. The addition of Oj to the reactor was designed to prevent
conversion of Cl, produced from reaction 1a, to BrCl by reaction
with Br,. Competition for the chlorine atoms, however, favors
Br, relative to O due to an order of magnitude difference in the
rate constants for the respective reactions. In order to effectively
inhibit reaction of Cl with Br, concentrations of O over 1000 times
greater than those of Br, were required. This condition could be
achieved by employing as a BrO source the titration of Br with
excess O;. The advantage of this source was the use of low Br,
concentrations compared to the titration of O with Br,. The
minimum amount of Br, admitted to the reactor from this source
was determined by the efficiency of the microwave discharge for
conversion of Br, to Br. This efficiency approached 90% for Br,
concentrations near 2 X 10! molecules cm™ and He flow rates
of 5 STP cm® s™! through the discharge. Consequently, the amount
of Br, admitted to the reactor after BrO generation was typically
measured to be 2 X 10!° molecules cm™. Meanwhile, concen-
trations of O, up to 5 X 10'* molecules cm™ could be added to
the reactor. The limit on the amount of O; added to the reactor
was set by the maximum allowable He flow rate (half the total
reactor flow) through the silica/O; trap and by the fraction of
O, (1-5%) contained in the He flow.

Maintenance of large concentrations of O, and large [O;] to
[Br,] ratios ensured that Br and Cl were preferentially converted
to BrO and ClO, respectively. As a consequence, the occurrence
of reaction la or 1b was not allowed to result in decay of BrO
or formation of BrCl. Nevertheless, both decay of BrO and
formation of BrCl were observed in this system (Figure 6). We
attribute these observations to the existence of reaction lIc.

The rate coefficient for reaction 1c was estimated from BrO
decay data to be 1 X 10712 cm?® molecule™ s™! at all experimental
temperatures (220, 298, and 400 K). The contribution to the
observed BrO decay from the reaction

BrO + BrO — Br, + O, (18a)
kiga = 6 X 10714 exp(600/ T) cm? molecule™’ s71 14

was on the order of 0.2 s™! and hence could be neglected. This
analysis was necessarily approximate, however, since the measured
BrO decays never exceeded 20 5! even at the highest C1O con-
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Figure 7. BrCi (@) and OCIO (A) concentrations plotted as functions

of the product of reaction time and BrO and ClO concentrations. Ex-
periments were conducted at 298 K in excess Oj.

centrations. In addition, the initial decay rates (i.e., at short
reaction times) were larger than at later times on account of the
finite time required for re-formation of BrO by reaction 3. This
effect was more apparent at 220 K due to the decrease in the rate
coefficient for reaction 3.

Due to the rapid regeneration of BrO in these experiments,
production of BrCl or OCIO could not be quantified relative to
BrO loss. Instead, rate coefficients for reactions 1b and 1¢ were
determined directly from the rates of OCIO and BrCl production
and a knowledge of the reaction time and the BrO and CiO
concentrations. In the case of BrCl, the production rate is given
by

d[BrCl] /dt = k,[CIO][BrO] (1)

ClO concentrations, being in large excess over [BrO], were not
observed to vary significantly during experimental runs; i.e., [ClO]
= [ClO],. The BrO temporal behavior, on the other hand, is
described by

[BrO] = [BrO], exp(~k;[ClO]t) 1n
The solution to the differential equation is given by
[BrCl] = [BrO]y(1 - exp(-k,.[CIO]¢t)) awy

When k, [CIO]yf is small, as was the case in this experiment, the
solution for [BrCl] becomes

[BrCl] = k, [ClO]o{BrO]yt V)

BrCl data were analyzed according to eq V (Figure 7). An
analogous equation was used to analyze the OCIO data. Small
amounts of BrCl and OCIO, which were observed in this chemical
system with the Br, discharge off, were subtracted from the signals
obtained with the discharge on. Rate coefficients derived for
channel 1c¢ are (¢cm® molecule™ s71) (1.2 % 0.4) X 10712 at 220
K, (1.0 £ 0.4) X 10712at 298 K, and (0.9 £ 0.3) X 10712 at 400
K. Rate coefficients derived for channel 1b are (8.0 + 3.0) X
1012 at 200 K, (6.2 £ 2.0) X 10712 at 298 K, and (4.4 £ 1.5) X
10712 at 400 K.

OCIO product yields obtained from the O + Br, system com-
pare favorably with the rate coefficients obtained in the O, ex-
periment at both 298 and 400 K. At 220 K, however, the rate
of OCIO production is comparatively less in the O; experiment.
A puzzling feature of the excess O; experiment at 220 K was the
presence of a relatively large background signal (one-fourth the
total signal) at m/e = 67 when the Br, discharge was off. The
presence of this signal was not easily rationalized and suggests
that our determination of the OCIO production rate at 220 K in
the presence of excess O3 may have been affected by some as yet
unidentified chemical process.

Discussion

The reactant decay and product yield data obtained in the
present study can be combined to give the following Arrhenius

The Journal of Physical Chemistry, Vol. 93, No. 12, 1989 4761

rate expressions for the three observed BrO + ClO reaction
channels:

kla =

(2.9 £ 1.0) X 1072 exp[(217 + 50)/T] cm® molecule™ s™!
kyp =

(1.6 = 0.4) X 10712 exp[(426 %= 50) /T) cm® molecule™ s™!
klc =

(5.8 % 2.0) X 107"% exp[(168 + 50)/T] c¢m® molecule™! 57!

Like the total rate coefficient for reaction 1, each product channel
is inversely dependent on temperature. The inverse temperature
dependence or “negative activation energy” observed for k,,
supports the identification of ClOO + Br, not Cl + Br + O,, as
the nascent product set for this channel. Direct production of Cl,
a process approximately 2 kcal mol™! endothermic, would be
manifest in k), as a significant positive temperature dependence.

Negative activation energies have now been observed in a variety
of bimolecular radical-radical reactions, including the BrO and
10 self-reactions.'* Attempts to rationalize this behavior have
focused on both “direct” and “complex” reaction mechanisms.2%22
In the direct mechanism, the potential energy surface along the
reaction coordinate has a single maximum and no minimum. An
inverse temperature dependence can arise in this situation if the
potential barrier is sufficiently small, i.e., a centrifugal barrier
only, to allow the reaction to be dominated by attractive, long-
range intermolecular forces.?® Under these conditions it is possible
for rotational state specific rate constants, kT, to increase with
increasing translational temperature but decrease with increasing
rotational level. When the rotational level dependence is stronger
than the temperature dependence, the Maxwell-Boltzman aver-
aged rate constant will display inverse temperature behavior.

In the complex mechanism, the potential surface possesses a
minimum corresponding to the formation of a chemically bonded
intermediate. For this case, the inverse temperature dependence
arises from the competition between product formation and
reactant re-formation during dissociation of the chemical inter-
mediate.??? As the temperature is lowered, this competition will
increasingly favor product formation if the potential barrier for
this process is lower than the initial energy of the reactants.

A special case of the complex mechanism occurs when the
barrier to product formation is significantly lower than the initial
reactant energy. Under this condition, dissociation of the in-
termediate back to reactants is not competitive, at any temper-
ature, with dissociation to products. Accordingly, the rate lim-
itation only involves formation of the intermediate. The rela-
tionship between the rate coefficient and temperature for this case
will depend primarily on details of the potential surface in the
reaction entrance channel. As in the direct mechanism, an inverse
temperature dependence will have its origin in attractive, long-
range intermolecular forces. This kinetic behavior is analogous
to high-pressure limited behavior observed in termolecular re-
actions.

The XO self-reactions have typically been interpreted in terms
of a complex mechanism.!*?  Evidence to support this inter-
pretation, aside from observations of negative temperature de-
pendences, include spectroscopic confirmation of C1,0, production
in the ClO self-reaction!>?* and observations of pressure-dependent
rate behavior in the CIO? and IO self-reactions where the pressure
dependence is presumed to indicate stabilization of the reaction
intermediate.

By analogy, one expects a similar mechanism for the XO
cross-reactions. For the BrO + ClO reaction, two isomeric in-
termediate species can be rationalized. A species with the structure
BrOOCI presumably decomposes to give CIOO and Br or BrCl

(20) Clary, D. C. Mol. Phys. 1984, 53, 3.

(21) Howard, M. J.; Smith, I. W, M. Prog. React. Kinet. 1983, 12, 55.

(22) Mozurkewich, M.; Benson, S. W. J. Phys. Chem. 1984, 88, 6429.

(23) Davies, J. M,; Hayman, G. D.; Cox, R. A. Presented at the 17th
Informal Conference on Photochemistry, Boulder, CO, June 1986.

(24) Cox, R. A.; Hayman, G. D. Nature 1988, 332, 796.
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TABLE II: Rate Parameters for the Bimolecular Components of Halogen Monoxide Self- and Cross-Reactions

A factor,®
reaction 107*? em® molecule™ 57! E/R°K product yield ref
CIO + CIO — products 1.60 +1250 14
—2Cl + O, ~0.45
— Cl + OCIO ~0.10
—Cl, + O, ~0.45
BrO + BrO — products 1.64 =225 2
-~ 2Br + O, 0.84
~ Br, + O, 0.16
10 + 10 — products 3.46 -1020 1
— 20+ 0, >0.95
- 1L+ 0, <0.05
CIO + BrO — products 4.70 -320 this work
—Br+ Cl + 0, 0.42
— Br + OCIO 0.50
— BrCl + O, 0.08

2 Rate coefficient is defined here as ~d[XO0]/dt = k[XO][XO] = [4 exp(-E/RT)][XO][XO].

and O,, the latter set of products arising from a four-centered
elimination. Formation of OCIO and Br presumably follows from
decomposition of the species BrOCIO. As a test of this hypothesis,
we attempted, but failed, to detect a mass spectral signal at m/e
= 146 corresponding to either BrClO, isomer. Consequently, no
direct evidence in support of a complex mechanism was obtained
in the present study (the possibility of a pressure effect is in-
vestigated in the following article in this issue). The lack of signal
at m/e = 146 certainly does not preclude a complex mechanism
for reaction 1 but does imply that both BrClO, isomers are either
weakly bound (<15 kcal mol™) or strongly fragmented upon
electron impact at 25 eV.

Our identification of BrCl as a significant product of reaction
1 does, however, suggest a strong mechanistic similarity between
the halogen monoxide cross- and self-reactions. Molecular halogen
production has been suggested in both the BrO and ClO self-
reactions in order to explain kinetics observations.2?* In addition,
emissions from electronically excited Cl, and Br, have been ob-
served in chemical systems containing ClO and BrO, respec-
tively.2%2 The prevalence of molecular halogen production in
the XO reactions seemingly requires the presence of metastable
intermediates to facilitate the complex intramolecular rear-
rangements.

Although a complex mechanism appears generally applicable
to both the XO self- and cross-reactions, the wide range in rate
coefficients and pressure and temperature dependences displayed
by them (see Table II) suggests that important differences exist
in the various complex potential surfaces. If one assumes that
the barriers to intermediate formation are uniformly small for
the XO + X’O reactions, as might be expected for interactions
between two open-shell molecules, then the diversity in measured
rate coefficients must be attributable to differences in the mag-
nitudes of the barriers to product formation. For the ClO self-
reaction, all of the product barriers appear to be larger than the
initial energy of the reactants as indicated by the significant
positive temperature dependence and small rate coefficient for
the overall reaction. This conclusion is expected for the 2Cl +
0, and Cl + OCIO product channels because they are 2.6 and
3.1 kcal mol™! endothermic, respectively. The lack of a significant
negative temperature dependence for the Cl, + O, product
channel®® suggests that the four-centered transition state associated
with this path is at a substantially higher potential energy than
the one associated with BrCl formation in the BrO + ClO reaction.
This difference may be related to a near coincidence of the Br
to Cl distance in BrOOCI with that of the classical turning point
of the v = 7 state of BrCl(*mq+).1?

In contrast to the ClO self-reaction, the product barriers for
the BrO + BrO, 10 + IO, and BrO + CIO reactions are ap-
parently less than the initial reactant energies as evidenced by
the large rate coefficients and negative temperature dependences

(25) Clyne, M. A. A; Coxon, J. A. Proc. R, Soc. London, A 1968, 303,
207.
(26) Clyne, M. A. A,; Cruse, H. W. Trans. Faraday Soc. 1970, 66, 2214.

measured for these reactions. For the IO self-reaction, Sander!
has observed a pressure dependence in the relative product yields
but not in the overall rate coefficient. On the basis of these
observations, he concludes that formation of the intermediate is
rate limiting, i.e., the special case of the complex mechanism is
applicable, and that stabilization of the intermediate is competitive,
at higher pressures, with the iodine atom forming channel. To
the extent that these conclusions are valid, the similar magnitudes
of the rate coefficients for BrO + ClO, BrO + BrO, and IO +
IO can be interpreted as evidence that all of these reactions are
predominantly rate limited by intermediate formation. The
temperature dependences observed for reactions 1a and lc in the
present study also support the above conclusion. Presumably, both
reaction channels proceed via a common intermediate (i.e.,
BrOOCI). The product barrier for reaction 1c, however, should
be significantly larger than the barrier for la. The absence of
a large difference in the measured activation energies for these
channels indicates, therefore, that their product barriers are not
rate limiting.

Comparison to Previous Work. Values for the overall rate
coefficient of reaction 1 at room temperature have been reported
from four previous studies. The earliest of these, by Basco and
Dogra,’ utilized flash photolysis of mixtures of Br, and OCIO.
As first pointed out by Clyne and Watson,® Basco and Dogra did
not measure the total reaction rate since the occurrence of reaction
1b did not result in removal of BrO or ClO in the flash experiment.
Clyne and Watson also demonstrated that computational sim-
plifications made by Basco and Dogra regarding the depletion of
OCIO and the constancy of the [CIO] to [BrO] ratio resulted in
an underestimate of k;, + k.. In the following article in this issue,
we present a new flash photolysis study of reaction 1 that over-
comes the deficiencies inherent in the Basco and Dogra study.
The results of that study, shown in Figure 4, are in excellent
agreement with the present work.

All other room-temperature values for k; were obtained at low
pressure with the discharge-flow technique. Values of &, obtained
by Clyne and Watson and Toohey et al.!” are in excellent
agreement with the result of the present work, despite substantial
differences in the chemical sources and detection techniques that
were employed. Clyne and Watson, for example, derived a value
for k, from a mass spectral analysis of OCIO, ClO, and BrO
temporal profiles resulting from reaction of OCIO with excess Br.
Toohey et al., on the other hand, measured &, directly by LMR
detection of ClO decay in the presence of excess BrO.

The room-temperature value of k; obtained by Hills et al.,® using
mass spectrometric detection of BrO in the presence of excess ClO,
is nearly 40% lower than the value obtained in the present work.
The results reported by Hills et al. also suggest that k, is tem-
perature independent. Consequently, the discrepancy between
the two investigations increases with decreasing temperatures. At
220 K, for instance, the value measured for k, in this work is a
factor of 2.6 larger than the value reported by Hills et al. The
primary difference between the two studies is the use by Hills et
al. of ClO and BrO sources employing O,. Since the presence
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of O, leads to the secondary regeneration of BrO if Br is formed,
caution must be exercised in the use of these sources. Hills et
al. attempted to minimize this interference by maintaining O,
concentrations below 2 X 10'2 molecules cm™ in the reaction zone.
However, the extent to which reaction 3 interferes with mea-
surements of BrO decay also depends on the Br concentration,
ie.

-d[BrO} /dt = k,[BrO][CIO] ~ k;[Br][O;] (VD)

We believe that bromine atoms, which could not be measured
directly by Hills et al., were present in sufficient quantities to
significantly impact their rate coefficient determinations. As we
will demonstrate, the origin of these relatively large Br concen-
trations is likely traced to the reaction of Br, with Cl (reaction
9).

The extent to which secondary chemistry was involved in the
experiment of Hills et al. critically depended on the concentrations
of Cl, Br, Br,, and O,. Concentration measurements were reported
only for O, however. Hills et al. offered estimates of the Br and
Cl concentrations ([Br] ~ 4 X 10! and [Cl] ~ 5 X 10'? in units
of atoms cm™) but did not discuss the methods used to obtain
these estimates. According to details given by Hills,? the estimate
of [Br] reported by Hills et al. was based on a model of BrO source
chemistry. Br concentrations calculated from the model were of
the same magnitude as the initial BrO concentrations owing to
the occurrence of reaction 18b and the imposed limit of 2 X 102
molecules cm™ on [O;]. The estimate of [Br] did not include
contributions from reactions la, 1b, or 9.

BrO + BrO — 2Br + O, (18b)
kigp = 1.4 X 10712 exp(150/ T) cm? molecule™ 57!

The basis for the reported estimate of [Cl] is not delineated
by either Hills et al.® or Hills.?” In fact, Hills concluded from
a model of CIO source chemistry that Cl concentrations were on
the order of 5 X 10'° atoms cm™ rather than 5 X 10'2 atoms cm™
as claimed by Hills et al. In order to identify the origins and
quantify the magnitudes of the sources of chlorine atoms in the
Hills et al. experiment, we have simulated the chemistry occurring
in their system. On the basis of experimental conditions given
by Hills, we find, contrary to the conclusion reached by Hills, that
the ClO source region is the major contributor of Cl to the reactor.
According to our calculations, this source is responsible for Cl
concentrations between 3 X 10'2 and 7 X 10'2 atoms cm™ inside
the reaction zone, a result that is in good agreement with the
estimate reported by Hills et al. The low value of [Cl] calculated
by Hills results from neglect of ClO disproportionation inside the
source region

CIO + CIO — 2C1 + O, (19)
ki9(298 K) ~ 5.4 X 1071° cm® molecule™? s71 14

The impact of reaction 19 on the chemical composition of the ClIO
source effluent cannot be overemphasized. On account of reaction
19, it is virtually impossible to design a CIO source based on
reaction 6, which yields negligible amounts of both Cl and O,.

The effect of Cl concentrations near 5 X 102 atoms cm™ on
measurements of reaction 1 depends critically on the concentra-
tions of Br, present. For small Br, concentrations (<10!! molecules
cm™3), BrO destruction by Cl (reaction 10) will be significant and
will result in larger apparent rate constants for reaction 1. It is
important to note that Hills et al. neglected to consider reaction
10 as a possible source of interference. Their assessment of the
impact of chlorine atoms on BrO was confined to the reaction

Cl+ BrO—BrCl+ O (20)

which is slow on account of being approximately 4 kcal mol™!
endothermic. For large Br, concentrations (>5 X 102 molecules
cm™?), titration of CI to Br by reaction 9 will be rapid. The
presence of Br at levels 10 times greater than estimated by Hills

(27) Hills, A. J. Ph.D. Thesis, University of Colorado, 1987.
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Figure 8. Simulation of the effects of reactions 3 and 10 on BrO decay
observed by Hills et al.” The solid lines are kinetics simulations for
different Br, concentrations. Numbers shown are Br, concentrations in
units of 10'? molecules cm™. The experimental conditions used for the
simulations are 7' = 305 K; k; = 1.30 X 107'! cm® molecule™ 57'; [CIO]
= 1.5 X 10" molecules cm™?, [BrO], = 5 X 10" molecules cm™, [O,}
= 2 X 10" molecules cm™, and [Br] = 5 X 10'2 molecules cm™. The
dashed and dotted lines are BrO decays (secondary chemistry omitted)
calculated for k, values of 1.3 X 107! and 8.4 X 107'2 cm® molecule™!
s7, respectively.

et al. will result in significant regeneration of BrO and will lead
to smaller apparent rate coefficients for reaction 1.

Since Hills et al. do not report initial Br, concentrations for
their kinetics experiments, we have modeled the BrO + CIO
system for a range of Br, concentrations. The results of this
analysis are shown in Figure 8 for a set of experimental conditions
typical of the Hills et al. experiment, i.e., T = 305 K, [CIO], =
1.5 X 1013, [BrO]o =5X 1011, [03]0 =2X 10‘2, [Br]o =4 X
10", and [Cl], = 5 X 10'? (molecules (atoms) cm™3). For this
calculation, k; was taken from the present work to be 1.3 X 107!
cm?® molecule™ 571

The main conclusion of this analysis is that secondary chemistry
affects observed BrO decays for all values of [Br,]. Derived values
of k, are equal to the actual value only at particular Br, con-
centrations and reaction time intervals, fortuitous occurrences
resulting when BrO destruction by reaction 10 is approximately
balanced by BrO regeneration from reaction 9. As can be evi-
denced from Figure 8, Br, concentrations greater than 5 X 102
molecules cm™ result in BrO loss rates, over most of the exper-
imental time frame, that are similar to those measured by Hills
et al. On the basis of this evidence, we conclude that the ex-
periments of Hills et al. employed relatively high concentrations
of Br,. This conclusion is consistent with our experience con-
cerning the efficiency of Br, dissociation in a microwave cavity
under the experimental flow conditions employed by Hills et al.
We also speculate that the failure of Hills et al. to detect curvature
in their data may be attributable to two factors: the lack of
temporal resolution for times less than 2 ms due to injector mixing
effects and poor signal to noise ratios for BrO at longer reaction
times.

We turn now to a comparison of product yields. OClO yields
ranging between 45% and 55% have been reported by Clyne and
Watson,® Hills et al.,® and Toohey et al.!” Considering the ex-
perimental difficulties inherent in studies of multichannel radi-
cal-radical reactions, these values must be considered in excellent
agreement with one another as well as with the result of the present
work. The product yields reported by Hills et al., although ob-
tained in a system complicated by BrO regeneration, can be
considered to be reliable since they were based on correlated
changes in ClO and OCIO. Neither of these species was adversely
affected by the occurrence of reaction 3.

BrCl yield (reaction 1¢) measurements have previously been
attempted only by Hills et al.’ Their failure to detect BrCl
production in the presence of isobutane, which served to scavenge
Cl atoms and prevent reaction 9, led them to place an upper limit
of 0.02 on the branching ratio for this channel. However, in view
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of their stated BrCl sensitivity (=1.2 X 10! molecules cm™ for
S/N = 2) and maximum allowed BrO concentration (5 X 10!!
molecules cm™3), it is difficult to justify such a low limit. Moreover,
the electron capture cross section for isobutane is sufficiently large
as to degrade the sensitivity of the mass spectrometer when excess
isobutane is employed. Accordingly, an upper limit greater than
0.12 for the BrCl branching ratio appears to be more consistent
with the reported data. This latter upper limit is consistent with
the values obtained in the present work.

Qualitative evidence in support of a significant yield of BrCl
in reaction 1 can be inferred from previously reported observations
of BrCl(*z¢+) emission from reaction mixtures of Br and OCl-
0.2 Although initially this emission was attributed to the
reaction of Br with ClIO0,% this conclusion was based on an
incorrectly low estimate of the ClIOO decomposition rate. Al-
ternatively, the occurrence of reaction 1c, where the nascent BrCl
is electronically excited, provides a straightforward explanation
for these observations. Recently, Toohey et al.!” have shown that
a model containing reaction 1c can predict the previously observed
BrCl! emission. They have also presented data on the yields of
bromine atoms from reaction 1 that suggest a significant role for
reaction lc.

Implications for Atmospheric Chemistry. Following the rev-
elation by Farman et al.!’® of an unprecedented drop in the

springtime levels of ozone over the Antarctic region, a host of
theories were proposed to explain this phenomenon. McEliroy et
al.!! first emphasized the possible role of reaction la in the de-
struction of O, under the special conditions existing in Antarctica.
Ground-based observations of OCIO made by Solomon et al,’!
at McMurdo Station have provided solid albeit circumstantial
evidence for the occurrence of reaction 1. Recent attempts to
model the role of reaction 1 in the Antarctic stratosphere have
employed the room-temperature rate coefficient data of Clyne
and Watson.!"¥? The present results reveal that the rate coef-
ficient for reaction 1 depends inversely on temperature. Conse-
quently, for temperatures typical of the Antarctic stratosphere
(190 K), reaction 1 will take on added significance. In addition,
the identification of reaction lc, previously omitted in model
calculations, provides a means for sequestering BrO during the
night. The significance of these new findings is discussed in ref
33,
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The flash photolysis—ultraviolet absorption method has been used to study the BrO + ClO reaction over the pressure range
50-700 Torr and temperature range 220-400 K. The rate constant for the overall reaction is given by k; = (6.1 £+ 1.2)
X 10712 exp[(240 % 60)/ 7] cm® molecule™ 57! (20 error limits). Branching ratios for the reaction channel forming OCIO
were determined at 220 and 298 K and found to be 0.68 £ 0.10 and 0.59 £ 0.10, respectively. Absolute UV absorption
cross sections for ClO and BrO were determined as a function of temperature at the peaks of the 12-0 and 7-0 bands. In
order to more fully understand the reaction mechanism used in the BrO + ClO study, the reactions Br + Cl,0 — CI10O +
BrCl and Cl1,0 + hv — products were examined. The Arrhenius expression for the Br + Cl,0 reaction was found to be
ky = (2.1 £ 1.8) X 107! exp[-(520 = 260)/T] cm® molecule™ 5! (+20) over the temperature range 220-298 K. The quantum
yield for the production of atomic oxygen from broad-band Cl,0 photolysis (A > 180 nm) was found to be 0.25 % 0.05.

Introduction

The BrO + ClO reaction is an important process in the
chemistry of the Earth’s stratosphere because it links the catalytic
ozone destruction cycles of the chlorine and bromine radical
families. While the role that this reaction plays in the chemistry
of the midlatitude stratosphere has been understood for some time,'
the recent discovery of a massive springtime decline in the
stratospheric ozone column over Antarctica has stimulated re-
newed interest in this reaction.? Data needs have focused on the
temperature and pressure dependences of the rate coefficients for
the three exothermic product channels
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BrO + CIO — Br + CIOO (la)
— Br + OCIO (1b)
— BrCl + O, (Ic)

The previous paper® has discussed an experimental approach
to this reaction that utilized the technique of discharge-flow mass
spectrometry. In order to validate the results of that technique
and to extend the pressure regime over the full 1-700-Torr range,
we have studied reaction ! using the flash photolysis—ultraviolet
absorption method. Rate constants for reaction 1 were obtained
over the temperature range 220—-400 K and the branching ratio
kw/k, was determined at 220 and 298 K by monitoring the

_ (3) Fried], R. R;; Sander, S. P. J. Phys. Chem., preceding paper in this
issue.
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