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Kinetics and Products of the IO 4+ BrO Reaction

David M. Rowley," William J. Bloss,* R. Anthony Cox,* and Roderic L. Jones

Centre for Atmospheric Science, Waisity Chemical Laboratories, Unérsity of Cambridge, Lensfield Road,
Cambridge, CB2 1EW, U.K.

Receied: December 14, 2000; In Final Form: April 12, 2001

The kinetics and products of reaction 1 between gas-phase BrO and 10 radicals have been studied using the
technique of laser photolysis with time-resolved B¥s absorption spectroscopy. The-OIBr reaction 8,

used as one source of IO and BrO radicals, was found to produce predominantly IO radicals at 295 K. The
rate coefficient for reaction 8 is correlated with the branching ratio for 10 production (channel 8a). Using a
value of 0.7 for the branching ratio for 10 productidkks), ks was found to be (3.6 2.4) x 10 cm?®
molecule® s7t at 295 K, with no significant temperature dependence between 210 and 333 K. Sensitivity
tests using a kinetic model showed that, in addition to (1), decay traces were also sensitive to the rate coefficient
for reaction 12: 4 BrO — Br + 10. This rate coefficient was found to be (1431.2) x 10 molecule*

cne st at 295 K, with no significant temperature dependence between 235 and 333 K. The title reaction (1),
IO + BrO — products was found to have a rate coefficient @8.%8.4) x 10 *cm?® molecule* s™* at 295 K.
Reaction 1 exhibited a negative temperature dependence between 210 and 333 K, adequately deg&gribed by
= (6.7 £ 0.8) x 1072 exp ((7604 30)/T) molecules* cm?® s*. No pressure dependencekpwas found
between 100 and 760 Torr. All errors are. Five potential products exist for the © BrO reaction: 10+

BrO — | + Br + O, (1a), IO+ BrO — IBr + O, (1b), IO+ BrO — OIO + Br (1c), 10 + BrO — OBrO

=+ 1 (1d), and 10+ BrO — IBrO; (1e). No direct measurement of | or Br formation was perfomed. IBr was
observed as a minor produétk; < 0.2). OlO formation was observed and shown to result from the-10

BrO reaction for the first time in this work. No evidence for OBrO formation was obsekglit;(< 0.15).

No evidence for the formation or existence of IBias observed. The results obtained here, in conjunction
with other published work, were used to constrain the branching ratimr OlO production in the IO+ 10
reaction, giving{0.30+ 0.05< o < 0.46+ 0.08. This constraint allowed the absorption cross section of
OIO to be constrained giving (1.28 0.22) = ooi0 x 10Y = 0.87 &+ 0.15) molecules! cnv at the (5,1,0)

peak at 549 nm, 295 K, and 760 Torr. Results are compared with previous studies ofthBri@reaction,

and the atmospheric implications are briefly discussed.

1. Introduction abundance of BrO radicals is in general higher than that of 10
radicals’ the 10+ BrO reaction may occur significantly even
at low 10 concentrations; consequently, if the+BrO reaction
produces | or Br atoms, ozone loss can occur even if 1O

Gas-phase halogen monoxide free radicals can participate in
reaction cycles which destroy atmospheric ozone. The origins
and role of iodine containing species have been discussed in . .

. . - concentrations are too low for the IO self-reaction to proceed
the accompanying papein which a study of the 10+ 10 .
T . . . .. _rapidly.
reaction is described. In this paper, the coupling between iodine

and bromine chemistry is considered in a study of the#O The potential for very low concentrations of total iodine to
BrO reaction. destroy ozone in the stratosphere was originally described by

In the low stratosphere, typical BrO abundances of over 10 Selomon et af.In a modeling study, these authors found that
of parts per trillion (pptv) are routinely observadin contrast, ~ L PPtv of total iodine in the low stratosphere would be
measurements aimed at detecting stratospheric 10 initially Partitioned primarily into active (ozone destroying) forms | and
reported an upper limit of 0.2 pptv for the 10 abundatfce  |O- Moreover, Solomon et al. showed that, at a level of 1 pptv,
although a recently reported measurement has indicated stratolcdine catalyzed ozone loss would dominate halogen catalyzed
spheric 10 abundances in the range 6-:650 pptvé At such ozone loss in the low stratosphere. In carrying out this modeling
concentrations the 10 self-reaction makes a negligible contribu- Study, Solomon et al. assumed that the4XXO (X = Cl, Br)
tion to ozone depletion; however, coupling between iodine reactions both proceeded with rate coefficients ok 1L0~*°
species and members of other chemical families can lead tomolecule’ cm®s™%, and produced solely+ X + O products.
significant iodine-catalyzed ozone loss. The+@BrO reaction Occurrence of the I1G- BrO reaction would thus lead to ozone

is one such potential coupling reaction. Since the stratosphericl0ss via
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cam.ac.uk. FAX:+ 44 1223 336362.
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TABLE 1: Enthalpies of Formation of IO + BrO Reaction the temperature dependence of reaction 1, using pulsed laser
Moieties photolysis within a discharge flow system to generate the
species AsH® (298K)/kJ mot? ref reactants, coupled with LIF detection of 10 and UV absorption
0 116+ 5 a1 detection of BrO. Gilles et al. monitored the loss of IO radicals
BrO 120+ 6 38 in the presence of excesszOand thus obtained the rate
I 107 coefficient for the non-I atom producing channels of reaction
Br 112 42 1, as channels producing an | atom led to IO regeneration via
IBr 40.9 reaction 2 and were therefore effectively suppressed:
(o][e} 76.7 17 . .
OBIO 150 18 Gilles et al. obtained a value of (6.06 0.57) x 1071t

molecules! cm?® s71 for (ki + kic + kio) at 298 K and total
The 10 + BrO reaction may also be of significance in the pressures in the range-15 Torr. This result, in conjunction
troposphere. 10 and BrO radicals have both been observed inwith the measurement & reported by Laszlo et al., indicates
the marine boundary lay®¥ and, while no simultaneous that non-I atom producing channels dominate thet@BrO
observation of 10 and BrO has been reported, precursors to bothreaction at 298 K. Gilles et al. also found that non-I atom
species, such as the photolabile iodobromocarbosiBtHhave channels exhibited a negative temperature dependehget: (
been observed in the marine boundary layérhe observation kic + kio) increasing to (8.8 0.50) x 101 molecules?! cm?
of elevated BrO concentrations correlates with reduced ozones™* at 204 K. Bedjanian et &t measured the overall rate
concentrations in the marine boundary la¥ehis can be coefficientk; and placed limits on branching ratios for the 10
explained in part by the occurrence of the relatively slow BrO + BrO reaction at 298 K and 1 Torr total pressure, using the
+ BrO reaction 4a; however, reaction la could also contribute discharge flow/mass spectrometry technique. These authors
to the observed ozone loss, even with low 10 abundances, if reportk; = 8.5 x 10711 molecules? cn?® s7%, and that | atom

kia Were significantly greater thakya. producing channels have a combined branching rakig, (¢
kig)/ki) < 0.3. Bedjanian et al. also report that OlO production
BrO+ BrO—2Br+ 0, (4a) dominated the 10+ BrO reaction, with a branching ratio of
0.65 < kydky < 1.
(Kya 205K= 2.49 x 10 2 molecule *cm®s™* (ref 13)) Two of the potential products of reaction 1 have recently been

observed in the atmosphere. Tentative observations of atmo-
By analogy with other halogen monoxide self- and cross- spheric OIO have recently been reportéddowever, our
reactions’? five potential channels can be envisaged for the IO |aboratory studies have shown that OIO is a product of the 10
+ BrO reaction: self-reactiohand measurements of atmospheric 10 at the several
pptv level which accompanied the OIO observations indicate

IO+ Bro—1+Br+0, (1a) that this reaction could be the source of the observed OIO.
— IBr + 0, (1b) Measurements of OBrO in the nighttime stratosphere at
concentrations of up to 20 pptv have also been repdited,
— OIO + Br (1c) although very recent measurements do not confirm these
— OBrO+ | (1d) observationg? In the laboratory, OBrO formation has been
observed and attributed to the reaction between between BrO
IO+ BrO+M —IBrO, + M (le) and Q,'325 and also as a product of the self-reaction of

) ) ) vibrationally excited Br(*® However, none of the currently
The potential for the ICG+ BrO reaction to affect atmospheric | nderstood bromine chemistry can explain the presence of
ozone levels depends critically upon the reaction products: significant amounts$0.01 pptv) of OBrO in the stratosphete.
Occurrence of reaction channels 1a or 1b followed by IBr  pcsessment of the atmospheric significance of the-IBrO
photolysis, will lead to catalytic ozone destruction, via reactions o4 ction throughout the atmosphere, and in particular the
2 and 3. The potential impact of channels 1c and 1d on 0zone ysential for iodine chemistry to contribute to stratospheric 0zone
depends on the fate of the OXO species<X, Br) produced: o5 requires both the rate coefficient and branching ratio of
if OXO p?otolyses to form GP) + XO, in a manner analogous  eaction 1 to be established under appropriate conditions. In
to OCIO;!® then channels 1c and 1d will lead to a null cycle g haper, we report an investigation of the kinetics and products
with respect to atmospheric ozone loss. Conversely, if OXO'is 4t the |0+ BrO reaction as a function of temperature between

photostable, as has been argued for &i€pme ozone lossis 510 and 333 K, and as a function of pressure between 100 and
expected from the halogen atom coproduced in 1c and 1d, and7gq Torr.

the role of the IO+ BrO reaction will depend on the subsequent

fate of the. OXO species. Similarly, the atmospheric implications Experimental Details

of formation of IBrQ, would depend on the structure and

photochemical properties of this species. Thermodynamic data The |0+ BrO reaction was studied using the technique of

(Table 1) indicates that reactions 1a and 1b are exothermic, bylaser flash photolysis with kinetic UV absorption spectroscopy,

17 and 195 kJ mol, respectively. Calculated values for the utilizing a CCD detection system. The apparatus has been

enthalpies of formation of OI8 and OBrG?® indicate that described in detail elsewhéfé®and briefly in the accompany-

channel (1c) is exothermic by 47 kJ mélwhile channel 1d is ing paper: no further details are given here.

endothermic by 21 kJ mot. The thermodynamic properties of Radical Generation.Three chemical systems were employed

the hypothesized IBromolecule are unknown. to generate 10 and BrO radicals, using different precursor gas
The 10+ BrO reaction has been the subject of three previous mixtures: b/Bro/N,O/Np, 1Br/N2O/N,, and CRI/Bro/N,O/Ny,

laboratory studies. Laszlo et ¥l.measured the overall rate referred to hereafter as systems A, B, and C, respectively.

coefficient at 298 K and 760 Torr using the flash photolysis/ Reaction initiation was achieved via 193 nm laser photolysis

UV absorption technique, and foukg= (6.9 + 2.7) x 10711 of N,O to form O{D) + N, followed by rapid collisional

molecules?! cm?® s71. Subsequently, Gilles et &.investigated guenching of the excited oxygen atoms to*R)( 10 and BrO



10 + BrO Reaction

TABLE 2: Precursor Concentration Ranges
systemt N,O x 10726 1, x 1074 Br,x 1015 IBr x 104 CFsl x 10726

A 0.57-9.9 1.4-48 2.0-15
B 9.8 2.5-24
C 9.8 7.9-19 3.7-8.7

a See text for details. Concentrations in molecules i, added
to 1 atm total pressure.

radicals were generated by reaction of théR)(atoms with
the halogen species:

N,O + hv — O('D) + N, (5)
O('D) + N,— OCP) + N, (6)
system A,
|, + Br,< 2IBr 7)
O(P)+ IBr — 10 + Br (8a)
—BrO+ | (8b)
O(P)+ Br,— BrO + Br (9)
system B,
OCP)+ IBr — 10 + Br (8a)
—BrO+ | (8b)
system C,
O(P)+ CF,l — 10 + CF, (10)
O(P)+ Br,— BrO + Br (9)

In system A, equilibrium between, Br,, and IBr was achieved
prior to photolysis. Prior to equilibration, Biconcentrations
were approximately 30-fold in excess ovey thus following
equilibration [b] was low and reaction 11 made a negligible
contribution to the generation of 10:

OCP)+ 1,— 10 + | (11)

In system B, 4 and Bpr were present in equilibrium with IBr,

J. Phys. Chem. A, Vol. 105, No. 33, 2002857
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Figure 1. Post-photolysis absorption spectrum recorded using system
C (Br/CRl). The spectrum is a postrelativg)(to prephotolysis Ig)
spectrum, showing changes in absorption bought about by the photolysis
flash and subsequent chemistry. Thus, the negative baseline above 380
nm arises from the consumption of Bn the postphotolysis reactions.

equilibrium betweenjyand Br was attained was provided by
tests in which the contact time fos &nd Bp was reduced to
approximately 30% of that used in the subsequent kinetic
experiments, and the concentration of, Bras reduced by a
factor of 15. Under these conditions, the presence of bromine
reduced the,l concentration by 85%, indicating that under the
normal experimental conditions, equilibrium betweenBr,,

and IBr was effectively complete.

The use of different precursor mixtures facilitated the
investigation of different aspects of the 1® BrO reaction
system: System A was used to investigate the kinetics of the
IO + BrO reaction, system B was used to constrain the
branching ratio for the O IBr reaction, and system C was
used to investigate the products of reaction 1, and to test
gualitative understanding of the secondary chemistry occurring.
System A was used for kinetic measurements as;thed Bp
concentrations could be independently adjusted to attain the
initial [10]:[BrO] ratio which maximized the sensitivity of the
IO and BrO decay traces to the 1& BrO reaction rate
coefficient; such control was not possible with system B. System
C was not used for kinetic experiments as the presence §f CF

thus reactions reactions 9 and 11 also occurred; however, theand CHRl, the reactions of which with 10 and BrO are not well

relative concentrations 04,1Br, and IBr were such that reaction
8 dominated 10 and BrO production.

N2O (Distillers MG, 99%), N (Distillers MG, 99.996%), and
O (Distillers MG, 99.996%) were used as suppliedBreck-
land Scientific, resublimed) and IBr (Lancaster, 98%) were
entrained in a flow of M passed through bulbs containing
halogen flakes interspersed with glass wook Bas entrained

characterized, could introduce errors arising from secondary
chemical interactions.

Radical Monitoring. 10 and BrO radicals were monitored
via their characteristic structured WWis absorption spectra
arising from the characteristi®?IT < X2I1 vibronic transition.
Spectrograph settings (150 g/mm grating and«B0 entrance
slit width) corresponded to coverage of the wavelength range

in a flow of nitrogen passed through a bromine bubbler, which 315-445 nm at a resolution (fwhm) of 1.65 nm, and permitted
was held in an ice bath to ensure a known and convenient vaporsimultaneous detection of IO and BrO. A typical postphotolysis

pressure. C§f (Fluorochem, 99%) was taken directly from a

absorption spectrum, recorded using thel&¥, system C, is

pressure cylinder. Concentrations of precursor species enteringshown in Figure 1.

the reaction cell are given in Table 2. In all cases, precursor

Concentrations of 10 and BrO radicals were determined by

concentrations were such that O atoms reacted rapidly andfitting reference cross sections over the wavelength ranges 400

exclusively with halogen species. Concentrations padhd CFl
were calculated from their known flow rates, and thosepf |

445 and 315360 nm, respectively, using the technique of
differential spectroscopy. The magnitude of the vibronic features

Bry, and IBr from flow rates and the appropriate vapor pressures. manifest in the absorption spectra of species such as halogen

For system A, at typical,land Bp concentrations prior to
mixing of 3 x 10*and 1x 10 molecules cm?3, respectively,

monoxide radicals is dependent upon the instrumental resolution
used, and the cross sections used to quantify such species must

I, was calculated to be overwhelmingly (98.9%) converted to therefore be recorded at the appropriate resolution, or smoothed
IBr, using the equilibrium constant for reaction 7 of 20.19 at from higher resolution measurements. Reference IO cross
298 K2 if iodine and bromine had equilibrated. Evidence that sections were recorded at 1.65 nm fwhm resolution, following
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Figure 2. Differential fit of BrO and 1O reference cross sections to a
post-photolysis absorption spectrum, with residuals (offset). Fits
independently quantify [IO] and [BrQO] at each time point
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Figure 3. 10 and BrO concentrationtime profiles (decay traces),
optimized fits and residuals (offset), obtained using systemu/Biy/
N2O/Ny).

photolysis of CEI/N2O/N, mixtures. These cross sections were
calibrated by carrying out parallel experiments performed at
higher (1.13 nm fwhm) resolution, using the 10 cross sections
reported at this resolution in the accompanying papétave-

Rowley et al.

3. Results

Products of the O+ IBr Reaction. The branching rati@
for 10 production in reaction 8, is defined ) = kg4(ksa +
ksp) and was measured using system BONBr/N,. Peak 10
and BrO concentrations observed immediately after photolysis
were found to be in the ratio 83%:17%, or 4.75:1. These values
do not allow direct calculation of the branching ratio for reaction
8, however, as IO and BrO are also formed from the reaction
of O atoms with } and Bg, respectively, which were present
in equilibrium with 1Br. While the $, Br,, and IBr concentrations
present in the reaction cell could be calculated, the rate
coefficient for the O+ IBr reaction is not known. Thus, the
flux of O atoms reacting with IBr could not be ascertained,
precluding determination of the branching ratio for reaction 8
other than in terms offs.

In system B, in which 4 and Bg are present in equal
concentrations in equilibrium with IBr, the observed initial ratio
of [IO]:[BrO], R, relatesd andkg as shown in eq ii, wher&s
is the equilibrium constant for reaction 8:

(kK
(ko + k(1 — 0)4/Kyg)

Using the observed value of 4.75 fBr eq ii indicated that the
value of @ is relatively insensitive to the value &, varying
between 0.6 and 0.8 fokg = 2 x 107! to 1.4 x 10710
molecules? cm® s71 (the range encompassed by thetCBr,
and O+ I, reaction rate coefficients, respectivély.The O+
IBr reaction rate coefficient is expected to lie between thé O
I, and O+ Br; reaction rate coefficients (as has been observed
for O + BrCl and O+ ICI, by (e.g.) Lowenstein et &),
indicating a value of ca. 5% 107! molecules® cm? s72 for kg,
corresponding to a value of 0.7 fér This value was used in
the reaction system model used to determine the kinetics of the
IO + BrO reaction. The dependence of the results obtained upon
the value assumed fdt is discussed below.

Kinetics of the 10 + BrO Reaction. 10 and BrO decay
traces recorded using system A/Bro/N,O/N,, were analyzed
to determine kinetic data using a model of the reaction system
constructed in FACSIMILES The model incorporated simula-
tions of photolysis, flowout, the temporal distortion imparted
to decay traces by CCD oversampling and the chemical reaction
scheme given in Table 3. Within the model, the initial O atom

(i)

length-dependent BrO cross sections have been measured byoncentration, [30)]i=o, and the values df, (10 + BrO), ki»

Wahner et af® Gilles et al?® have recently remeasured the
differential BrO cross section around 338 nm, and found it to

(I + BrO), andkg (O + IBr) were optimized by minimizing the
sum of squares of residuals between observed and calculated

be approximately 9% larger than that reported by Wahner et |0 and BrO decay traces. The sensitivity of the kinetic results

al. Gilles et al. noted that making a corresponding correction
to rate coefficients for the BrO self-reaction measured via UV-

so obtained to the secondary chemical reactions incorporated
in the model, and the choice of kinetic parameters optimized,

absorption detection of BrO using the cross sections of Wahneris discussed in the following section.

et al. brought such results into agreement with those performed  Reaction System Model: Senitly Tests.Sensitivity tests
using other techniques. The BrO cross sections used in this workyere performed using the reaction model in order to determine
were those measured by Wahner et al., increased in magnitudeyhich of the reactions occurring had a significant impact upon

by 9% in line with the findings of Gilles et al., and smoothed
to the resolution used in this study. A typical differential fit to

the 10 and BrO absorption features in a postphotolysis absorp-

tion spectrum is shown in Figure 2.
The CCD was operated at a charge-transfer rate of BP

the form of the 10 and BrO decay traces (i.e., which reaction
rate coefficients could be determined from 10 and BrO
concentrationtime data). Sensitivity tests were then used to
establish the dependence of the values of rate coefficients
determined upon the correct implementation of the secondary

Hz, corresponding to recording an absorption spectrum of the chemical reactions (i.e., the sensitivity of the optimized rate

reaction mixture every 2s, for a period of 1 ms following

photolysis. Fitting of IO and BrO cross sections to successive

coefficients to other reactions in the model.)
The first test was performed by measuring the deviation

absorption spectra determined 10 and BrO decay traces suchbetween simulated decay traces generated using the reaction

as those shown in Figure 3, obtained using system A.

scheme for system A implemented as shown in Table 3 (control
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TABLE 3: Secondary Chemical Reaction Scheme, and 20
Appropriate Rate Coefficients (for 295 K/760 Torr), ool
Employed in the Reaction System Model > 05| N k12 (1 + BrO)
Q
reaction 295 K rate coeffl g '
reaction no. cmPmoleculets™  ref = i
O(D) + N, — OCP) + N, 6 261x 101 42 o 10 i
OCP)+ IBr — 10 + Br 8a 3.5x 1071 o
O(P)+ IBr — BrO + | 8b 15x 1071 2 5
O(P)+ Br,— BrO + Br 9 1.4x 101 31 8
OFP)+ 10— 1+ O, 1.4x 10710 42 © i
OCP)+ BrO—Br + O, 4.1x 101 42 > 0F
10 + BrO— products 1 6.% 10°1¢ =
| +BrO—10 + Br 12 1.9x 101 39 S 5[]
Br+10 —BrO + | 13 5x 1071 39 o 3
IO + 10 — products 14 8.1& 10°% 1 L
BrO + BrO — products 2.98« 1012 28 -10
| + Br,— IBr + Br 15 3.4x 10718 44 + - + - + - + -
Br+l,—IBr + 1 16 1.38x 10 38 Br+10 Br+l, I +Br, Br + IBr
— 11
F_r,_—TOIB_r, |2§r2 i 17 i?i igm 4? Figure 5. Sensitivity test 2. The sensitivity of the optimized values of
| +1,0—1,+10 2.1x 1010 1 ki, andk;2 to the rate coefficient of selected secondary reactions included
Br + BrO + M — Br,O + M 3% 1012 13 in the reaction model.
Br + Br,O — Br, + BrO 2x 10710 46
I+1—1 2.47x 10713 47 Similar tests indicated that the decay traces were relatively
Br+Br—Br, 7.6x 107 48 insensitive to the branching ratios for the ¥©10 and 10+

aRate coefficients for reactions 1, 8, and 12 were optimized when BrO reactions. Decay trace sensitivity kg (the 10 + BrO
fitting to experimental 10 and BrO concentration profiles; the values reaction) was found to maximize when the initial BrO concen-
for ky, ks, andk;. listed above are those used for sensitivity tests. 1 and tration was approximately three times that of 10.

Br atom recombination rate coefficients are reported at 760 Torr of  The second test determined the dependence of the optimized
N. rate coefficients upon the secondary chemical reactions. The
25 : . ] , ‘ rate coefficient for each secondary reaction, in turn, was
' perturbed byt 50%, and this perturbed reaction model used to
generate 10 and BrO decay traces. The original model (as given
in Table 3) was then used to re-analyze these traces, determining
an optimized value fok; only. The difference between this
optimized value ok; and the value used in the perturbed model
(6.9 x 10711 molecules® cm® s71, as measured by Laszlo et
al’®) gave an indication of the sensitivity of the optimization
of k; to each secondary reaction in the model.

The returned value ok; was found to exhibit moderate
sensitivity to many of the secondary chemical reactions incor-
porated in the model, typically varying by 20% for each 50%
perturbation of a secondary reaction rate coefficient. Noting that
L N=sieai NI SIS the 10 and BrO decay traces exhibit(_aq strong dependence upon
Br+10  Brel, I+Br, Br+IBr both kl. and kj,, the second sensllt'|\/.|ty test was repeated

1+BrO BrO +10 optimizing bothk; andk;» to fit the artificial IO and BrO decay

Figure 4. Sensitivity test 1. The sensitivity of the form of the 10 and traces. In this case, the sensitivitykgfio the secondary reactions

BrO decay traces to perturbations of the rate coefficient of each reaction Was much reduced; typically varied by less than 5% for each
occurring. 50% perturbation of a secondary reaction rate coefficient. The

sensitivity ofk;, was somewhat greater, varying by up to 20%
decay traces), and those generated when the rate coefficient fofor the same degree of perturbation. The results from these dual-
each reaction was perturbed, in turn, by an arbitrary factor of optimization tests are plotted in Figure 5, which shows the
+ 50%. The deviation between perturbed and control decay percentage change in the reoptimizadand ky» for the 50%
traces was evaluated as the RMS residual for each species, |Qverturbation of each secondary reaction rate coefficient.
and BrO, calculated over the 1 ms postphotolysis time period The insensitivity of the returned values &f and ki, to
corresponding to our experimental conditions. The results of secondary chemistry, as determined by the dual-optimization
this test (plotted in Figure 4) show clearly that the 10 and BrO analysis, was verified by investigating the nature of the error
decay traces exhibit similar patterns of sensitivity, displaying surface defined by the fits to the 10 and BrO decay traces.
the greatest dependence upon the rate coefficient for the |  Control 10 and BrO decay traces were generated using the
BrO reaction 12 followed by the 10+ BrO reaction 1. nominal values for these rate coefficients, and compared with
Sensitivity to the other reactions taking place was considerably those obtained when the valueskafandk;, were altered by
lower: In particular, the traces displayed very little sensitivity some factor. The deviation between traces was defined as the
to the rate coefficient for reaction 13, Bf 10, due to the sum of the RMS residuals for each species (10 and BrO) over
conversion of Br atoms to | atoms, predominantly through the the 1 ms post-photolysis time-period. This quantity was

20 |

15

10

RMS Residual/ 10" 'molec cm

+

halogen/interhalogen atoamolecule reactions. expressed as a function d& and kg, varying both rate
coefficients by a factor of 3, and generating a “goodness of fit”
| +BrO— 10+ Br (12) error matrix. This is shown in Table 4, and the presence of a

Br+10—BrO+ | (13) single minimum value for the residual indicates that a unique
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TABLE 4: Sensitivity Test for k; and k2

Rowley et al.

TABLE 5: Pressure Dependence ok;2

factor Change irk;

factor change ik 0.333 0.5 1 2 3
3 11.4 11.4 12.2 14.6 16.9
2 7.0 4.8 5.6 8.5 11.2
1 4.0 1.4 0 1.7 6.0
0.5 22.2 16.4 8.1 43 8
0.3333 17.0 16.0 15.0 131 10.7

aChange in the RMS residual on decay traces resulting from
deviations ink; andk;, values from optimized values.

et

0.8 ——

0.7

06 |

05 |

0.4 |

0.3 1L

10 15

k, (O +1Br) /107 'em®molec”'s™

Figure 6. Relationship between value &f obtained by optimization
and value of the branching ratio for reaction &, used in the
optimization model.

pair of values fork; and k;, best described the 10 and BrO
decay traces. Henc& and ki were both independently
determinable from the 10 and BrO decay traces.

In addition tok; and kj,, the value ofkg (O + IBr) was
optimized in the reaction model. The value obtainedkpras
determined by the initial [IO]:[BrQ] ratio, as all O atoms were
consumed rapidly (with a total pseudo-first-order half-life
ranging from 3 to 25:s dependent upon conditions), and thus
did not impact upon the subsequent form of the IO and BrO
decay traces, which determined the value;ofind ki».

Kinetic Results Ambient Conditiorisigure 3 shows |0 and
BrO decay traces, optimized fits and residuals (offset) typical
of those used to determine the valueskef kip, and kg. At
ambient temperature (295 3 K) and at 760 Torr total pressure,
these rate coefficients were found to be

k, (10 + BrO) = (8.5+ 1.4) x 10 "' molecules'cm®s™*
ky, (I + BrO) = (1.3+ 1.2) x 10 " molecules*cm®s™*

ks (O + IBr) = (3.6+ 2.4) x 10 "' molecules’cm’s™

Errors are @ and represent precision only: Values were
obtained from the analysis of 33 experiments conducted over

the precursor concentration ranges indicated in Table 2, each

the coaddition of 50 or 100 laser shots.

The value obtained fokg was entirely dependent upon the
branching ratiof (= kssks) employed in the reaction system
model (the value of 0.7 was used férto obtain the above
value forkg). These experiments were thus limited to establish-
ing thatks and@ are related as shown in Figure 6; independent
determination of eithekg or 6 was not possible from our data.

pressure/Torr ki/10- moleculescm®s™
100 8.30+ 0.98
220 7.54+ 1.48
360 8.14+ 0.25
480 8.24+ 1.30
600 8.82+ 0.65
760 8.50+ 1.40

aUncertainties are @

TABLE 6: Values of ki, ki, and kg Obtained as a Function
of Temperature?

10 + BrO |+ BrO O+ IBr
temperature/K kg +20 k12 +20 Ks +20
333 681 039 159 0.06 4.62 1.08
296 849 140 130 1.27 3.57 2.48
283 11.03 0.23 106 0.01 5.38 0.57
273 10.08 0.73 148 0.04 7.91 0.67
260 13.70 049 100 0.05 7.48 1.12
250 16.82 292 138 0.16 7.54 5.04
235 19.44 475 117 0.20 1498 2.98
222 1867 127 063 1.27 6.52 1.62
210 21.17 291 030 0.02 4.00 0.76

aUnits: molecules! cm? s7 x 10714 ° Excluded from subsequent
analysis.

Kinetic Results Pressure and Temperature Dependence.
Experiments were conducted over a range of pressures, between
100 and 760 Torr. At ambient temperatukg, ki, andkg were
found to be pressure-independent over this range. The invariance
of k; with pressure is shown in Table 5.

Experiments were conducted as a function of temperature,
between 210 and 333 K. The rate coefficients of the secondary
reactions included in the optimization model were adjusted to
their appropriate temperature-dependent values as given in the
references indicated in Table 3. Exceptions to this were the
branching ratios for the IG 10 and 10+ BrO reactions, and
the rate coefficients for reactions 13 and 1. These
parameters, the temperature dependencies of which are not
known, were fixed at their 295 K values. The insensitivity of
the value obtained fok; upon these parameters (Figure 5)
indicated that the use of the model to determine the vallg of
at temperatures other than ambient was valid; however, the
optimized value ok;» was approximately 4-fold more sensitive
to the secondary chemical scheme thgrimplying somewhat
reduced confidence in the temperature-dependent values of this
rate coefficient. The value determined fég was solely
dependent upon the initial IO and BrO concentrations, and thus
was not susceptible to incomplete implementation of the
temperature dependence of the secondary chemistry. However,
the analysis did not take account of possible variation in the
branching raticd of reaction 8 with temperature.

The values obtained fok;, ki, and ks as a function of
temperature are given in Table 6. The valukp{lO + BrO)
was found to increase with decreasing temperature, in a manner
which could be described by an Arrhenius expression:

k, = (6.7+ 0.8) x 10 ? exp((760+

30)/M) molecules*cm®s ™ * (iii)

Error limits correspond tak20 and represent precision only.
The values ofk; are plotted as a function of temperature in
Figure 7, together with the temperature-dependent results
obtained by Gilles et &° and the 298 K results of Bedjanian

et al?! and Laszlo et al?
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Figure 7. Temperature-dependent values kpobtained in this work ~ (CRsl/Bra/N2O/N,). The OIO trace was obtained by differential fitting
(filled circles) compared with the results of Gilles et?&l(open to an uncalibrated OIO absorption spectrum.

triangles), Laszlo et &P (open squares), and Bedjanian et'g(filled

squares). The line is an Arrhenius fit kg (this work). (c) OIO + Br. Growth and decay of the distinctive absorption

bands of OIO between 500 and 600 nm were observed in the

The value ofkg (O + IBr) displayed no significant variation  post-photolysis spectra of the 1@ BrO reaction system.
with temperature (within the precision of the measurements) Differential spectral fitting to an arbitrary OIO absorption
over the range studied, leading to an unweighted mean valuespectrum was used to obtain absorptitime profiles for OlO,
of (4.6 £ 1.8) x 10711 molecules® cm® s71 (210-333 K; £ revealing behavior qualitatively similar to that observed in the
20). ki» was also found to be temperature independent at 23510 self-reaction: OlIO was a transient species, forming and
K and above; over this range, the unweighted mean value decaying on a time scale similar to that of the 10 radical. 10
obtained was (1.3 0.4) x 10" molecules® cm?® s71 (£20). and BrO concentration profiles, and an OlO absorption profile,
At lower temperatures (210 and 222 K), the valuégfobtained are shown in Figure 8, recorded using thesllB7, system C.
was significantly smaller. The temperature-dependent values of OIO is known to be a product of the 10 self-reactfowhich
ks andk;, are given in Table 6. also occurred in the IG- BrO reaction system. Moreover the

Products of the 10 + BrO Reaction. Each of the five ratio of OlO:10 was similar to that observed in our studies of
potential product channels of the 1@ BrO reaction is the 10 self-reaction. However, in the 1& BrO system, the
considered in turn. fraction of 10 radicals reacting with BrO was much greater43

(@) I + Br + O. It was not possible to detect | or Br atoms times) than that undergoing self-reaction; therefore, the observa-
directly using our experimental system. The addition of ozone tion of similar OIO:IO ratios indicates that OIO is also a product
to the reaction system, leading to the reconversion of the X (X of the 10 + BrO reaction. Further analysis which constrains
= Br, 1) atoms to XO radicals, and hence to a reduction in the the branching ratio for OlO production from the KOBrO and
observed rate coefficient for the © BrO reaction, would have IO + 10 reactions and hence its absorption cross section is
allowed quantification of halogen atom production. However, described below.
when preliminary experiments were conducted in whigw@s (d) OBrO+ I. No evidence for the formation of OBrO was
added to the precursor gas mixture, powdery yellow-white observed in the course of this work. On the basis of the estimated
deposits formed upon the surfaces of the gas manifold and cross section for OBrO of 1.&% 10-1” molecules?! cn? at 505.7
reaction cell. These deposits were similar in appearance to thosenm 3° we determine an upper limit for channel 1dlaf/k; <
formed when @ and molecular iodine were brought into 0.15.
contact! and are likely to have been the same higher oxides of  (e) IBrO,. No spectroscopic evidence was observed for the
iodine, bOy4, 1,05, and/or kOg, formed in this case following  presence of any absorbing species other than the XO radicals,
reaction between ©and IBr. The formation of these deposits the products of the 10 self-reaction, OIO from ¥©BrO and
on the optical surfaces of the system precluded the conduct ofthe halogen and interhalogen molecules, at any of the temper-
useful experiments in the presence of ozone; it was not thereforeatures investigated in the course of this work (2833 K).
possible to quantify channel 1a directly. No evidence for the formation of an IBg@pecies was observed.

(b) IBr + Os. Investigation of the production of IBr from  The pressure independence of the #OBrO reaction rate
the 10+ BrO reaction was complicated by the presence of this coefficient between 760 Torr (this work) and 1 Tdiindicates
species at significant levels in the precursor gas mixtures that termolecular I1Br@ formation does not occur. Similarly,
employed. Experiments were conducted using system &, Br no evidence for IBr@formation has been observed in previous
CFsl, in which the production of IBr, monitored spectroscopi- studies of the 10+ BrO reactiont®2°

cally, was compared with the modeled flux through the+O Yield of OIO from IO + BrO and IO + 10. The branching
BrO reaction. The IBr concentrations observed indicated a ratio for production of OIO from reaction 1 was constrained by
branching ratio for this channel of the order of 0.2 (ileyk considering the results obtained in this work in conjunction with

~ 0.2); however, several other potential sources of IBr existed, those reported elsewhere. Bedjanian et'dlave determined
notably the I+ Br, and possibly the B CFRsl34 reactions. the branching ratio for the production of OIO from the 1©
The magnitude of the contributions of these reactions to the BrO reaction to be equal to or in excess of 0.65; i.e. (65
observed IBr could not be calculated with certainty, thus the kiJk; < 1. Bedjanian et al. also placed upper limits for the
value obtained determines an upper limit for production of IBr formation of |+ Br + Oy, IBr + O, and OBrO+ | of ky/k; <
from the 10+ BrO reactionkipk; < 0.2. 0.5, kip/ks < 0.05 andkdk; < 0.2, respectively. Gilles et &P
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measured the rate coefficient for the non | atom producing
channels of reaction 1, i.&kgns = Kip + ki, assuminde = 0.
Comparison of the value obtained by Gilles et al. at 298Ks

= (6.05+ 0.57) x 107! molecules? cm? s1, with the value

of k; obtained in this work, (8.5 1.4) x 107! molecules?

cm?® s71, indicates that channels 1b and 1c, BBIO, and OIO

+ Br, account for 55 to 93% of the 1@ BrO reaction, i.e.,
0.55 < (kip + kig)/ky =< 0.93, where the range corresponds to
the Zr uncertainty level in the kinetic results. The range common

to this analysis and the results of Bedjanian et al. thus determines

0.65 < kydk; < 0.93.

The branching ratio for OlO production from the E©BrO
reaction was used to quantify the production of OIO from the
IO self-reaction, and so to determine the absolute absorption
cross sections of OIO. The branching ratio for the production
of OlO from the IO self-reaction and the 1® BrO reaction,
denotedo. and respectively, are defined by

IO+ 10— 0I0+ | (14a)
— other products (14b)

o= Kygdkyy (iv)

B =kiJk, v)

The concentration of reactant molecules (10 and BrO) is known
in both the 10 self-reaction and 1& BrO reaction systems.
Because the IGF 10 and 10+ BrO overall rate coefficients

are also known, the flux through each of these reactions can be this work

evaluated, and the production rate of OIO calculated in terms
of a andf in each system:

OIO production ratd,,, = ak,[I0]%(10 + 10 systeT))
Vi
OIO production ratdq o =
(Xk14[|0]2 + Bk, [I10][BrO](I0 + BrO system) (vii)
The total concentration of OlO formed at any point following

photolysis, neglecting OIO loss processes, is then given by the
integral of Poio with respect to time. Two equations were

Rowley et al.
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Figure 9. Values ofa (branching ratio for production of OIO from
I0 + 10) as a function of time after photolysis, calculated fbr

(branching ratio for production of OIO from 1& BrO) = 0.65 (open

squares) and 0.93 (filled circles).

TABLE 7: Comparison of Literature Values for k; with the
Results of This Work

ki (298 K) x 1011,

authors date molecules’cn? s techniqué
Laszlo et al® 1997 6.9+ 2.7 LFP/UVA
Gilles et al?® 1997 6.05+ 0.57 DF/LFP/UVAI/LIF
Bedjanian et a#* 1998 8.5+ 1.5 DF/MS
1999 8.4% 1.40 LFP/UVA

aMeasured only the non-l atom producing channels of reaction 1.
b LFP = laser flash photolysis, UVA= UV absorption spectroscopy,
DF = discharge flow, LIF= laser-induced fluorescence, MSmass
spectrometry.

production. The increase mmbeyond 0.07 s reflects the greater
loss processes for OIO present in the more chemically diverse
IO + BrO reaction system. In practice the time period when
both the 10+ 10 and 10+ BrO reaction rates were within
10% of their maximum values was used to determinand
henceoo\o; this time period is indicated in Figure 9. The range
of values determined for andogo are

therefore derived, one from each system, relating the calculated

OIO production to the observed OlIO absorptiédin terms of
the OIO cross sectiongio:

Ad(0o0L) = [oky[IO] 2 (viii)
AJ(0oi0l) = [{akJ10],” + Bk [IO],[BrO],}  (ix)

where the subscripts a and b refer to measurements made i
the IO+ 10 and 10+ BrO reaction systems respectively,
L is the absorption path length. Equations viii and ix were thus
solved to determine. andooio in terms off3, which is known

to lie in the range 0.65 3 < 0.93. This analysis neglects the
chemical reactions responsible for the rapid removal of OIO

observed in both reaction systems, and thus was only applied

at very short times following photolysis, when 10 and BrO
concentrations maximize and the OIO concentration is domi-
nated by production. The values afderived by this method
are plotted, as a function of the value pfused and of time
following photolysis, in Figure 9. The values afat very short

0.30+ 0.05< a < 0.46+ 0.08
and 1.2%+ 0.22> g, X
10" > 0.87+ 0.15 cnfmolecules?

where the range corresponds to 065 < 0.93, and the errors
guoted correspond tas2imits in the determinationsioio was

fvaluated at 549 nm and the peak of the (5,1,0) Haaidl.13
and NmM fwhm resolution. OIO production thus accounts for-30

46% of the 10 self-reaction, in addition to being the major
product of the 10+ BrO reaction. The products of the 10 self-
reaction are considered in detail in the accompanying paper

light of this result.

4. Discussion

There have been three recent studies of the-IBrO reaction
reported in the literature, the results from which are summarized
in Table 7. The rate coefficient obtained for the overall4O
BrO reaction in this work is in excellent agreement with the

times are obscured by noise in the retrieval of the (initially low) value reported by Bedjanian et%IThe overall rate coefficient

IO and BrO concentrations, then settle as theH@O and 10
+ BrO reaction rates maximize, before increasing as the loss
processes of OIO become of increasing importance relative to

is also within the range obtained by Gilles et?dlyho obtained
a value of 6.05x 10711 molecules?! cm® s71 for (kip + k1o at
298 K, and determined that the | atom production wa5%,



10 + BrO Reaction

indicating an upper limit fork; at 298 K of 1.0 x 10710
molecules?® cm? s™1. The rate coefficient obtained in this work

is slightly higher than the value of (6.2 2.7) x 1071
molecules?! cm? s™1 obtained by Laszlo et &P.using a similar
experimental system; this discrepancy is partially due to the

J. Phys. Chem. A, Vol. 105, No. 33, 2002863

molecules? cm? s71 at 210 K. This analysis assumes that the
branching ratio of the IG+ BrO reaction is invariant over the
pressure range covered by the three most recent studies: 100
760 Torr (this work), 715 Torr (Gilles et af%, and 1 Torr
(Bedjanian et at)). The pressure-independence observed for

BrO cross sections used: Laszlo et al. employed the BrO crossk; in this work and the excellent agreement between the 100

sections measured by Wahner e&but without the increased
magnitude recently recommended by Gilles éfallaking this
adjustment to the value & reported by Laszlo et al. would
increase the value by approximately 10%, bringing the two
studies into better agreement.

Torr value ofk; obtained in this work and that reported by
Bedjanian et al. at 1 Torr support this assumption. Moreover,
the good agreement between the branching rakig, € kio)/

ki) derived from the results of Gilles et al. at-I5 Torr
combined with this work at 106760 Torr compared to that

The results reported in this paper were obtained using the obtained by Bedjanian et al. at 1 Torr provides a further

BrO cross sections of Wahner et #lincreased in magnitude
by 9% in line with the findings of Gilles et a1’ to analyze
spectroscopic data and determine [BrO]. After our analysis,
Wilmouth et al3” have published further measurements of the
BrO absorption spectrum, including a comprehensive review
of the BrO absorption cross sections. They report a mean
differential BrO cross section, obtained from a comparison of
literature results normalized for resolution, which is ap-
proximately 13% smaller than that used in this work. Adoption
of such ao(BrO) would reduce our measurég by somewhat
less than 10%, as the XO kinetics in our system are complex.

indication thatk; is pressure independent.

The observed ratio of 10:BrO formed immediately following
the reaction of GP) with IBr (reaction 8) of 83%:17% is similar
to the value reported by Laszlo et’dlof 74%:26%. As with
the kinetic results, the difference between the studies can be
attributed, at least in part, to the BrO cross sections used:
Increase of the cross sections used by Laszlo et al. would reduce
the measured [BrO] and bring the two results into closer
agreement. The measurementkgfin terms of the branching
ratio 0 for the O@P) + IBr reaction reported here is to our
knowledge the first determination of this rate coefficient.

Such a change would also increase the deduced OIO yield from The value obtained for the+ BrO reaction k;5) at 298 K

both the IO+ BrO and 10+ 10 reactions. Wilmouth et al.
determined an uncertainty of 11% in the literature differential

((1.3+ 1.2) x 10 molecules! cm?® s71) is in good agreement
with other measurements of this rate coefficient of (&.2.6)

BrO cross sections, independent of temperature. The 10 crossx 10711 (ref 19), (1.45+ 0.20) x 10711 (ref 38), and (1.9

sections used in this work have an uncertainty of 9W%/e

1.1) x 1071 (ref 39) molecules! cm?® s~1. No other measure-

therefore estimate that the component of the systematic uncer-ment of the temperature dependenceégfhas been reported.

tainty in our kinetic measurements which arises from the cross

sections used is approximately 15%, considering the dependence. Atmospheric Implications

of the value obtained fok; upon absolute concentrations of
both species.

The measurement &, + ki performed by Gilles et &°
together with the measurement kf reported in this work
determine a value for the branching ratio for channels 1b and
1c of the 10+ BrO reaction{kyp + kig}/ks, which is in very
good agreement with the range determined by Bedjaniar?ét al.
at 298 K. Taken together, these values lead to a range 0f0.65
0.93 fork;Jk;. Bedjanian et al. also obtained upper limits for

The rate coefficient and products of the HOBrO reaction
have been shown to vary with temperature. Under conditions
typical of the marine boundary layer/lower troposphere, the
reaction proceeds with a rate coefficient of 85 10711
molecules! cm?® s71, and produces predominantly OKD Br
(65—93%), with minor channels which include one or more of
| + Br + Oy, IBr + O,, and/or OBrO+ I. Occurrence of
reaction 1 in the troposphere thus leads to the production of

channels 1a. 1b. and 1d. of which the latter has been furthertroPospheric OIO, the fate of which determines the role of this

reduced to 0.15 in this work. No evidence for channel 1e has

reaction. If OlO is photolabile, the formation of OIO from 10

been observed. The results of all recent studies constrain the@dicals and its subsequent photolysis lead to a null cycle with

branching ratios for the 1G- BrO reaction at 298 K to

IO +BrO—1+Br+0,< 0.3 (1a)
—IBr+0, =<0.05 (1b)
— OIlO + Br 0.65-0.93 (1c)
—OBrOo+1 =<0.15 (1d)
—IBrO, (1e)

respect to ozone loss. Conversely, if, as has been sugdésted,
OIO is photostable, OlIO may act as a hitherto unrecognized
iodine reservoir in the troposphere and the role played by iodine
species will depend on the homogeneous and heterogeneous
reactivity of this species.

In the low stratosphere, typified by temperatures below 210
K, the 10 + BrO reaction proceeds with a rate coefficient of
the order of 2.5x 1071% molecules! cm? s, and produces
predominantly H Br + O, (ca. 70%, assuming production of
OBrO and IBrQ is negligible) with a minor channel forming
OIO + Br (ca. 30%). The potential for the 1& BrO reaction

Comparison of the temperature-dependent results of this workto contribute to stratospheric ozone destruction is thus likely to

with those of Gilles et a° (Figure 7) indicates that the
branching ratio for the non-l atom producing channels of

be slightly greater than was assumed by Solomon ét al.
However field measurements reporting generally low strato-

reaction 1, 1b, and 1c decreases with decreasing temperaturespheric IO concentrations, and the high yield of OCIO measured

from 71% at 295-298K to 36% at 210 K. The branching ratio

for the 10+ CIO reaction!®#!indicate that iodine chemistry,

of channels 1a and/or 1d therefore increases with decreasingwhile it may contribute, is currently unlikely to be a major factor
temperature. Because no evidence for OBrO formation has beenn stratospheric ozone depletion. No evidence for production
observed, and this channel is calculated to be considerablyof OBrO has been observed at 298 K in the course of this work,

endothermic at 298 K, it is possible that channel L&, Br +
O,, dominates the IG+ BrO reaction at low temperatures: If
indeed channel 1d does not occug, = 1.6 x 10710

and OBrO production at lower temperatures is unlikely given
the endothermicity of reaction 1d. The K BrO reaction is
not the source of the atmospheric OBrO concentrations reported
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by Renard et aP3 which are in any case unsupported by more
recent observatiorfs.
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