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The kinetics and mechanism of reaction 1 between 10 and BrO radicals have been studied by the mass
spectrometric discharge flow method at 298 K. The value of the overall rate cokstan{8.5 + 1.5) x

10 cm® molecule® s has been determined from the simultaneous monitoring of BrO and 10. The branching
ratios have been measured for the various channels of reaction 1 in different series of experiments. The
branching ratio for the major channel, producing Br and OIO, has been found in the rangel @.6%5he

upper limits of the branching ratios for the channels producidgBr + O,, | + OBrO, and IBr+ O, are

0.3, 0.2, and 0.05, respectively, whereas an upper limit of 0.3 has been found for the sum of the branching
ratios for the I-atom-producing channels. Rate coefficients for side reactions have been also redetermined
under the conditions of the present study: B+(BrO — products, I+ Oz — 10 + O, NO + O3 — NO,

+ O,, Br+ 10 — | + BrO, BrO + I, — products, and BrG- IBr — products. The kinetic data obtained for

the 10 + BrO reaction allow one to derive an upper limit for the enthalpy of formation of ONBi°; 295

(Ol0) = 32.2 kcal mot?. The atmospheric implications of the present data are briefly discussed.

Introduction data on the 10+ BrO reaction have also been published very
recently’-12In one of these studiésd the overall rate constant

of the 10+ BrO reaction has been derived from the modeling
analysis of a complex reaction system. In the other stétlye

rate constant has been measured only for the non-iodine-atom-
producing channels. Because the HO BrO reaction may
proceed via several channels, it was concluded in this paper
that “the branching ratios for various channels are still unclear
and need to be explored”. The present study aims at clarifying
the mechanism of this IO+ BrO reaction, for which the
thermochemically feasible channels are:

It has been known for a long time that halogenated com-
pounds are strongly involved in stratospheric ozone chemistry.
Mostly chlorine and bromine chemistry have been investigated,
both in the field and in the laboratory. The role of iodine has
already been considered in relation to tropospheric chemistry,
particularly in the marine boundary layer (e.g., refs 1 and 2)
and in the Arctic troposphere during ozone depletion events
observed in recent yeatd.Although iodine is known to be
released from the oceans, essentially aglCthe magnitude
of this marine source is still uncertainAs suggested by
Solomon et al’ the iodine-containing species, which have short 10 + BrO — Br + OIO

Iifetimes_,, can only rea(_:h the I(_)wer stratosphere if_ an efficie_nt AH < 0 kcal mor™ (1a)
convective transport exists, which may be the case in the tropics.

Very recent observations disagree on the abundance of strato- —Br+1+0,

spheric iodine, ranging from an upper limit of 0.1 ppto 0.5 AH = —4.1+ 2.6 keal mor't (1b)
ppt in the tropical stratosphefeln addition to atmospheric ' '

measurements of the iodine abundance, the potential role of — 1+ OBrO

iodine in ozone chemistry requires a better knowledge of the AH = 5.5+ 8.6 kcal mol'* (1c)
kinetic and mechanistic parameters of the reactions of the 10 —IBr + 0,

radical, which plays a key role in this chemistry.
It is now accepted that, in the reaction sequence which might AH = —46.5+ 2.6 kcal mol'* (1d)
lead to ozone loss, initiated by 10, iodine may participate only . .
by interacting either with H@or with XO radicals, where X The thermochemical data used for the calculationdlfare
denotes Cl and Br. In the latter case, the catalytic cycle reaction from references 13 (I, Br), 14 and 15 (IBr), 9 (I0), 16 (BrO),
is and 17 (OBrO). The enthalpy of channel 1a has been estimated
from the present study. Channel 1b can be written as a two-
10 + XO — products step reaction, the primary products being either |©@r or
BrOO + 1.

This reaction must be very fast and lead to the production of
halogen atoms (I and X) to produce an ozone loss cycle.
Therefore, to quantify the ozone depletion resulting from the  All experiments have been carried outTat= 298 K and at

potential presence of iodine in the stratosphere, both kinetic anda total pressure of 1 Torr of helium. The experiments have been
mechanistic data are required for these interhalogen radical carried out using a molecular beam mass spectrometer coupled
radical reactions. The 1& CIO reaction has been studied in to a discharge flow system, as described previously (e.g., ref
detail recently, in two laboratories, including this dH€Kinetic 9). The reactor consisted of a Pyrex tube (45 cm length and 2.4
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Figure 1. Diagram of the apparatus used.

cm i.d.), and a triple movable injector was used to introduce  With an excess of molecular iodine over Br atoms, reaction
the reactants into the reactor (Figure 1). To reduce the 5 was used for the determination of the absolute concentrations
heterogeneous loss of the active species, the surfaces of the maiof | atoms and of4 and IBr molecules: [Bg= A[l;] =[] =
reactor and of the injector were coated with halocarbon wax. [IBr]. The absolute concentrations of Br atoms were determined
Three different methods were used for the production of IO from the measurements of the fraction ofBissociated in the
radicals: the reaction of oxygen atoms (formed in a microwave microwave discharge: [Bs]= 2A[Br,]. To verify the ratio of
discharge of @He mixtures) with molecular iodine or trifluo-  the intensities of the mass spectrometric signals of | and IBr

romethyl iodide corresponding to the same concentration, additional runs were
performed using the titration of IBr with an excess of Br via
O+1,—I10+1 reaction 8 leading to [IBg]= [I]:

k,=1.4x 10 cm®molecule s ** (2) Br + IBr — 1 + Br,

O+ CFR;l —~ 10 + CFy ks = 2.7 x 10 " cm’molecule*s * *° (8)
ks =3.65x 10 **cm’molecule*s* *® (3) _ _ o
The same procedure was applied fpaihd I, using the titration
of molecular iodine with an excess of Br atoms in reaction 5,
followed by the titration of IBr produced, using reaction 8, which
. _ —12 3 1,113 led to [b]o = 2[l]. The results of these relative calibrations
I +0; 10+ 0, k=12x10 “cm'molecule s (4) agreed very well (within 10%) with the absolute ones.
Two sources of BrO radicals were used:

and the reaction of iodine atoms with ozone

(all rate constants are given at 298 K).

In the latter source, | atoms were produced from the reaction © T Br.— BrO + Br

ko=1.4x 10 " cm’molecule s *° (9)
Br+1,—1+IBr ks=1.2x 10 °cm*molecule*s™* *®
(5) Br+O;—BrO+ 0,

— —12 3 ~1.-113
An excess either ofslover Br or of Br over 3 was used, Kip=1.2> 10" cm™molecule *s (10)
depending on the objective of the experiments. Br atoms were
generated in a microwave discharge of,/Ble mixtures.
Molecular iodine was introduced into the reactor by flowing
helium through a column containing drystals. The concentra-
tion of 10 radicals was determined using titration with NO BrO + NO— Br + NO,

Both the reaction of Br with ozone (10) ([BrGf [Br]o =
2A[Br3]) and the reaction of BrO with NO (11) were used for
the determination of the absolute concentrations of BrO radicals:

10 + NO— I + NO, ky,=2.1x 10 *cm’molecule s * 3 (11)
ks=2.0x10 " cm’molecule s 2 (6) The results obtained by using both methods were in good
) ] ) agreement (within 10%). Besides, the ratio of mass spectrometric
with the subsequent mass spectrometric detection of the NO gjgnals corresponding to the same concentrations of BrO and
formed and calibration of the mass spectrometer by flowing |o was measured in experiments, by using the conversion of
known concentrations of NOinto the reactor. Calibration |qw concentration of O atoms (to make negligible the- 400
experiments were carried out under conditions when the pOSSib|ereaction) to BrO (reaction with an excess ofBor to 10
influence of the self-combination and/or heterogeneous loss Of(reaction with an excess of)l The results from this relative
IO was negligible: calibration method agreed within 10% with the absolute ones.
Ozone was produced by an ozonizer (Trailigaz) and was
10 + 10 — products collected and stored in a trap containing silica geT at 195
k;=8.0x 10" cm’molecule*s ™ ** (7) K. The trap was pumped before use to reduce thedbcentra-
1 tion. The resulting oxygen concentration was alway0% of
IO + wall — products k, =20-40 s - (this work) the ozone concentration introduced into the reactor. The absolute
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TABLE 1: Reaction BrO + BrO — Products (13):
Experimental Conditions and Results

[BrO]o k13 (1012 cm? k13b (1013 cm?
(10* molecule cm?) moleculel s™) molecule! s
0.19 2.85
0.19 2.75
0.20 2.71
0.29 2.64
0.30 2.66
0.39 2.61
0.39 2.82
0.41 2.65
0.56 2.66
0.57 2.78
0.68 2.83
0.78 2.84
0.80 3.91
0.81 2.81
0.90 2.64
0.95 2.83
1.16 2.69
1.40 4.14
2.10 4.04
2.60 4.06
3.60 4.00
5.60 3.90

concentrations of @were derived using the reaction of ozone
with NO with detection and calibration of NGormed A[O3]
= A[NO;)):

NO + O, — NO, + O,

ky, = 1.8 x 10 **cm’ molecule's * **

e-s (12)
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Figure 2. Reaction BrO+ BrO— Br + Br + O; (13a): concentration
of Br produced as a function of the concentration of BrO consumed.

630-700 cm st After a rapid formation of BrO radicals,
second-order decay kinetics due to reaction 13 were observed.
The rate of heterogeneous BrO loss was very l&yv € 0.5

s 1) compared with the BrO self-reaction rate, so that its
contribution to the BrO decay could be neglected. The BrO
initial concentrations used as well as the results obtained for
kiz are shown in Table 1. The mean valuekgf from Table 1

is (2.744+ 0.09) x 1012 cm?® molecule’® s71. Finally, if 10%

for systematic error is included, the recommended value at 298K

is
All relevant species were detected by mass spectrometry at their

parent peaks.

The purities of the gases used were as follows: He
99.9995% (Alphagaz), passed through a liquid nitrogen trap
before use; ©@> 99.995% (Alphagaz); Br> 99.99% (Aldrich);

I, > 99.999% (Aldrich); IBr, 98% (Aldrich); CH > 99%
(Fluorochem); NO> 99% (Alphagaz), purified by trap-to-trap
distillation to remove traces of NONO, > 99% (Alphagaz).

Results

kis= (2.754 0.35) x 10" cm® molecule* s™*

Under the same experimental conditions, the Br atom
formation in reaction 13 was observed and its yield was
measured. For a fixed reaction timex{ 0.04 s), the consumed
[BrO] and the corresponding concentration of Br atoms formed
were measured. The initial concentration of BrO radicals was
varied in the range (1-18.1) x 102 molecule cm?3. The results
are shown in Figure 2, where the produced Br concentration is

Accurate measurement of the absolute concentrations of theplotted as a function of the consumed BrO concentration. The
labile species is very important because this is the main sourceslope of the line provides the value of the branching ratio for

of uncertainty in kinetic studies of such radieaidical reactions
(in the determination of both the rate constant and the branching
ratios for different channels). In this work, to verify the
procedure used for the calibration of the mass spectrometric
signals of BrO, Br, 10, |, and ¢) independent studies of well-
known reactions have been performed: B+OBrO, | + Og,
and NO+ Os. These reactions as well as the reactionstBr
10, BrO + I, and BrO+ IBr were also important in the study
of the BrO+ 10 reaction (see below).

Reaction BrO + BrO — Products (13). Four series of
experiments were carried out to study the BrO self-reaction:

BrO+BrO—Br+Br+ 0O,
—Br,+ 0,

(13a)
(13b)

In the first one, the overall rate constant of the reactiag,
= kyza+ kizn, was measured. BrO radicals were formed directly
in the reactor from the rapid consumption of oxygen atoms
(introduced through inlet 1 of the movable injector) by Bnlet
4) in reaction 9. The Brconcentration was (1-01.5) x 104
molecule cm?3, and the linear flow velocity was in the range

channel 13a, where the error is:1
Kis{K;3 = A[Brl/A[BrO] = 0.84+ 0.03

The measurements of the rate constant for channel 13b were
conducted in the presence of high ozone concentration] [O
= (4.0-4.5) x 10" molecule cm?®. Under these conditions,
Br atoms formed in channel 13a were rapidly converted back
to BrO by reaction 10 and, as a result, channel 13a did not
contribute to BrO consumption. The data derived from the BrO
first-order decay kinetics are given in Table 1. The mean value
of the six measurements &fspis (4.014 0.09) x 10713 cm?
molecule® s (with statistical error only). Finally, if an
additional 10% of uncertainty for the precision of BrO concen-
tration measurements is included, the valuk@f is

Kyap = (4.0+ 0.5) x 10 **cm® molecule *s™*

Using both values obtained f&i3 andk;sp, the branching ratio
for channel 13b can be derived, at 298 K

Kya/Kis = 0.154 0.01
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Figure 3. Reaction I+ Os (4): pseudo-first-order plots obtained from  Figure 4. Reaction NO+ O; (12): pseudo-first-order plots obtained
the monitoring of Q consumption kinetics in excess of | atoms)( from the monitoring of NO£) and Q (<) decay kinetics in excess of
and from 10 formation kinetics<). O3z and NO, respectively.

The given uncertainty is the combination of statistical errors out with a fixed concentration of | atoms-2 x 10*? molecule
on ki3 andkis, only, because thie aykis ratio does not depend  cm~3), with Oz concentration in the range (0.22.36) x 10
on a possible systematic error on the BrO absolute concentrationmolecule cm® and a mean flow velocity of 1500 cm’s Under
measurements. The measurement of this ratio appears to be morthese conditions, only a few percent of the initial concentration
accurate than that df;s4k;s, although both measurements of of | atoms was consumed. The concentration of 10 formed was
the ratiosk;s{kis andkiaykyz are in excellent agreement. low enough €10 molecule cm?) that the 10 loss rate due to

In experiments using an excess of, @he formation of Bs self-reaction and reaction with the waky~ 20 s!) was
in reaction 13b was also observed. In seven experiments thenegligible compared with the rate of IO formation in reaction
ratio A[BrO]/A[Br;] was derived from the measurement of BrO 4. Consequently, linear kinetics of 1O formation were observed
consumed and Brproduced: according to

A[BrOJ/A[Br,] = 1.9+ 0.15 d[I0]/dt = k,[1[O 4]

The value obtained agrees well with the formation of one where [I] and [Q] could be considered as constant. The results
Br2 molecule for two BrO radicals consumed in channel 13b thus obtained are also given in Figure 3, which shows the
and also confirms the validity of the procedure used for the dependence oky = (1/[I]) x (d[lO])/dt) on the ozone

absolute concentration measurements. concentration. As one can see, the data obtained by using the
Finally, the present data for the Br® BrO reaction at 298  two different methods are in good agreement. The value of the

K, kiz = (2.754 0.35) x 10712 cm?® molecule® s71, kyap = rate constant for reaction 4, derived from all experimental data,

(4.0 0.5) x 10713 ¢cm3 molecule! s, andk;aykiz = 0.15+ is

0.01, are in good agreement with those recommended in the

most recent evaluatiodd?° k3 = (3.2 + 0.5) x 1012 cn® k,= (1.3+ 0.25)x 10 *cm’® molecule*s*

molecule’! st andkjaykiz = 0.154+ 0.03'%; andkyz = (2.5+

0.25)x 10712 kyzp= (3.8 0.4) x 1073 cm® molecule’ s71.20 (the error represents one standard deviation with addition of

Reaction | + O3 — 10 + O (4). This reaction was studied  15% uncertainty for the measurements of IO concentration).
in two series of experiments. In the first one, the kinetics of This value well agrees with the current recommendatidas:
ozone consumption were monitored in the presence of an excess= (1.2 & 0.2) x 10712 ¥ and (1.04+ 0.2) x 10712 cm?
of |1 atoms. The initial concentration of Qvas ~7 x 101 molecule! s120 The good agreement between the two
molecule cm?, the concentration of | was varied in the range methods used in the present work for the determinatiok, of
(0.65-2.9) x 10 molecule cm?, and the flow velocity in the also indicates the reliability of the procedure used for the
reactor was 750800 cm s1. O; was introduced through the  absolute calibration of the species involved in this study,
central injector (inlet 1). lodine atoms were formed by reaction particularly for the 10 radicals, for which low concentrations
5 using an excess of [[I2]o &~ 10 molecule cm?3), Br, and are required in the subsequent experiments.

I> being introduced through inlets 3 and 4, respectively. The  Reaction NO+ Oz — NO; + O, (12). The rate constant of
results obtained are given in Figure 3, which shows the reaction 12 was measured in two sets of experiments under
dependence of the pseudo-first-order rate conska=(k4[l]) pseudo-first-order conditions, using either an excess of ozone
on the iodine atom concentration. It should be noted that some ([O3] = (0.5-3.8) x 10" molecule cm?3) over NO ([NO},
consumption of | was observed (up to 30% in some kinetic runs), ~10'? molecule cm?3) and monitoring the NO decay kinetics
which was attributed to heterogeneous loss, and the mean lor an excess of NO ([NOE (0.4—1.5) x 105, [O3] ~ 10%?
concentration along the reaction zone was used in the calcula-molecule cn3) and monitoring the @consumption kinetics.
tions of ka. The flow rate in the reactor was 44650 cm s1. The pseudo-

In a second series of experiments, the kinetics of 10 formation first-order plots thus obtained are shown in Figure 4. The results
in reaction 4 were also observed. These experiments were carriedf these two series of experiments are in good agreement, and
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the value of the rate constakb derived using all experimental T
data is
600
ky, = (1.65=+ 0.20)x 10 *cm® molecule *s™*

where the uncertainty represents one standard deviation with
addition of 10% for possible systematic error. The formation
of NO, was observed in both series of experiments, and the
relationA[NO;] = A[NO] = A[Og3] was verified to hold within
10%. The present value dd, also agrees with the current
recommendationsk;, = (1.8 & 0.20) x 10~14cm?® molecule’?
S—l_l3,20

Reaction Br + 10 — | + BrO (14). Reaction 14 is of
importance for the 10+ BrO reaction study as it can be a
secondary or side process. The rate constant of this reaction
has been measured in two previous studies:at room N
temperaturek;s = (2.3 £ 0.3) x 1071116 and (5.0& 1.1) x o 05 1.0 15 20 25
10711 cm3 molecules~1.21 One of these studié&is from this (8r (1013 molecule cm™3)
Iabor_a_tory, ar_1dk14 was measured under pseudo-f_lrst-order Figure 5. Reaction Br+ |0 (14): pseudo-first-order plots obtained
conditions, using an excess of Br atoms over 10 radicals. TWO rom the monitoring of 10 consumption kinetics in excess of Br atoms,
sources of Br atoms were used: dissociation of Br a  with Br detected afe 79/81 () and atm/e = 116 (0) as BrCl (see
microwave discharge and reaction of Cl atoms witH¢Br. text).
The same experiments have been repeated here using two ) ) ) )
different methods for Br detection: direct detection at the parent TO estimate this residual concentration of | atom, ozone was
peaksm/e = 79 and 81 (Bt) and indirect detection at/e = added at the downs';ream end of the reactor (after completion
116 (BrCI*), after Br conversion into BrCl in reaction 15, CINO ~ Of the O+ CFl reaction) to convert | atoms into 10. From the
be|ng |ntr0duced at the downstream end of the reactor (throughmeasured Increase Of the |O S|gna|, It was Calculated that th|S

400

Kqq

200

inlet 5): concentration of | atoms was always20% of that of initial

0. That indicates that the occurrence of reactiob4 has a

Br + CINO — BrCl + NO negligible effect on the results obtained fag, due to the low
ks = 1.25x 102 e moleculet st 22 (15) concentration of both | and BrO. Finally, the mean value of

our two measurements &g, (ref16 and the present study) will

This method of Br detection was free of complications arising be used in the study of the I1® BrO reaction, that is

from the contributions of Brand/or BrO atm/e = 79 and 81
due to their dissociationionization in the ion source of the

mass spectrometer. 10 radicals were generated by reaction 3|_ . . .

! . he origin for the discrepancy by a factor 2 between this value
between O atoms (inlet 3) and &Fat concentrations of~]:014 and thegother orféis notpclea?r/ I—)|/owever it can be noted that
molecule cm?® (inlet 4). Br atoms were produced in the ‘ '

microwave discharge of BiHe mixtures and introduced into the data obtained for the 1@ BrO reaction were not sensitive

the reactor through the internal tube of the movable injector. to this uncertainty.

; ; o . Reactions of BrO with I, (16) and IBr (17). Kinetic data
The following experimental conditions were used: & (5— . 2 .
7) x 10%, [Br]o = (0.05-2.4) x 103 molecule cm?, and linear for the reactions of BrO radicals with the IO precurseyand

flow velocity = 1550 cm sL The pseudo-first-order plot with the possible product of reaction 1, IBr, were needed before
obtained from the 10 decay kinetics is shown in Figure 5. All studying the IO+ BrO reaction:

ky,= (2.5+ 0.5) x 10 **cm® molecule*s*

of the measured values Kf 4 were corrected for axial and radial BrO + |. — products 16
diffusion?d of 10. The diffusion coefficienD,o_ne = 410 cn? 2P (16)
s1 (1 Torr) was calculated frorDxe—ne.2* The correction was BrO + IBr — products a7

<10%. The results obtained with the two methods used for Br
detection are in good agreement and yield the following value EXperimentS were carried out USing an excess of the molecular
of Ky species over BrO. Reaction 9 between O anglviBas used as
the BrO source. An experimental complication appeared from
k., = (2.7+ 0.4) x 10 * cm®* molecule*s™* the simultaneous Br formation in reaction 9, initiating the fast
secondary chemistry:

(the error is & + 10% uncertainty). The intercept of the plot

. ! NN . +L,—1+
of Figure 5is 9.3+ 11.5 s, which is in good agreement with Br 41, =1 +1Br )
the 10 decay rate, 18 5 s'1, measured separately in the | + BrO< Br+10 (—14,14)
b f Br at .
absence of br aloms 10 + BrO — products 0}

The presence of | atoms coming from the 10 source, possibly
formed in the secondary reactions#0lO and IO+ 10, may
lead to the underestimation &f4 due to 10 formation in the
reverse reaction-{14):

A similar complication appeared in the case of IBr. It was
verified that the BrO consumption rate strongly depended on
BrO and Br initial concentrations. However, the contribution
| + BrO— 10 + Br of this secondary chemistry to BrO decay (for a given [B)O]
113 1 116 should be independent of]. If [l 2]o is large enough to ensure
k_;4=1.45x 10 *“cm”molecule " s (—14) rapid consumption of Br in reaction 5, reaction 16 becomes the
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limiting step. The initial concentration of BrO was kept low to
minimize the contribution of secondary reactions ([Br9]3

x 10" molecule cnm3), whereas [ and [IBr] were varied in

the ranges (042.4) x 10 and (0.2-1.0) x 10 molecule
cm~3, respectively. The rate of BrO decay was observed to be
independent of ] (in the case of reaction 16) and of IBr (in
the case of reaction 17) and was 1%:22.1 and 16.3+ 1.0

s™1, respectively. From these data, the upper limits of the values
of the rate constants for reactions 16 and 17 were found to be,
at 298 K:

K1a+K1g)

kig < 2 x 10 ** cm® molecule* st

ki, < 2.5x 10 cm’ molecule ' s™

Reaction 10 between Br ands@as not used as a source of
BrO in these experiments, to avoid any possible BrO regenera- 0 N T T S S
tion by the reaction of Br atoms (from primary and secondary 0 2 4 6 8 10

steps) with ozone. [BrO] (1012 molecule cm'3)

Reaction 10 + BrO — Products (1).(a) Rate Constant for Figure 6. Reaction BrO+ 10 — products (1): pseudo-first-order plot
Non-I-Atom-Producing Channel§he kinetic study of reaction  of the IO consumption by the non-I-atom producing channels (see text).
1 was carried out under pseudo-first-order conditions, using an . . ) N
excess of BrO over 10: [BrOf (0.4-9.7) x 10%, [IO]o = i-l;]Atﬁ(LeEPrzéseRﬁgg:t(')?nBLO *+ BrO — Products (1): 10 Kinetics
(0.5-1.0) x 10" molecule cm?. Relatively high Q concentra-

tions were present in the reactor fO= (1.0-3.8) x 105 reaction no. rateconstdnt ref
molecule cm?] to ensure a rapid transformation of | atoms, O+ CRl—I0 +CRK 3 37x 1(Tﬁ 18
possibly formed in reaction 1, back to 10 via reaction 4. 812%‘;‘3‘; ++B(SO 12 i-‘llx igu ig
Different configurations for the production of the reactants and o+ Ior__l +r02 2 19 1'2;( 1000 13
their introduction into the reactor were used. In most experi- cg, + Br, — Br + CRBr 20 18x 102 26
ments, 10 and BrO radicals were formed directly in the reactor, |0 + BrO— Br 1  variable
from reactions of | and Br with € respectively. | atoms were 10 + 10 — products 7 80c10 13
produced in the reaction of (or IBr) (inlet 2) with Br atoms IO + wall — loss 30 " th'sr‘]’York y
in excess, formed in a microwave discharge of Be mixtures :Bcigflr_) Fgcﬁalr _ﬂ ig: igﬂ ig’ this wor
(inlet 1) in the movable injector: BrO+BrO—Br+Br+0, 13a 235¢ 10 thiswork
BrO + BrO—Br; + O, 13b 4.0x 10  this work
Br+1,—1+IBr (®) | + Br— IBr + Br 8 165x10% 15
Br+IBr—1+B 8 27x101 15
Br+ IBr—1 + Br, 8) it f2 X

@ Mechanism used for the modeling of the experimental profiles of
Thus produced, | and Br atoms were rapidly consumed in the /O, BrO, and Br.>Units are cri molecule* s™ for bimolecular
reactor by the excess of ozone (inlet 4), forming 10 and BrO "eactions and's for heterogeneous reaction.
radicals, respectively. Another configuration was used, in which 1
O was added through the central tube of the injector (inlet 1) (40 £ 22) ™ includes the rates of the IO heterogeneous loss
and Bp and b were added through inlets 3 and 4, respectively. and the 10 self-reaction. Th|s_value is in fair agreement with
Finally, a few experiments were carried out with separated the 10 decay rate measured in the absence of BrO:—420

production zones of BrO and 10: BrO was formed in the s71) and is relatively low compared with the rate of reaction 1.
movable injector by the Bi- O reaction (Br, inlet 1; @, inlet No dependence of the obtained results on the concentration of

2) and IO by the reaction of O atoms with exces€Q, inlet 3; O3 (which was varied by a factor of 4) and on the sources used
I, inlet 4). In the latter case, the concentration usedfovas ~ OF the reactants was observed. -
~10'2 molecule cm3. The flow velocity in the reactor was in (b) 10 Decay Kinetics in the Presence of Br.this series of

the range 135601550 cm s2. Under the experimental conditions ~ experiments, the kinetics of the 1® BrO reaction have been
used, the BrO decay, which was due to reaction 1, to BrO wall studied in the presence of Br atoms. Oxygen atoms formed in
loss ky < 0.05 s'1) and to the minor channel of the BrO self- & microwave discharge of #He mixtures (inlet 1) and
reaction 3b was observed to be negligible. The data obtainedintroduced into the reactor through the central tube of the
from the 10 exponential decay kinetics are shown in Figure 6. movable injector reacted with a mixture of &Kinlet 4) and

All values of the pseudo-first-order rate constddi were Br2 (inlet 3), producing simultaneously |0 radicals (reaction 3)
corrected for the axial and radial diffusion of 10 radicals and BrO and Br (reaction 9). The observed kinetics of 10, BrO,
(correction always<10%). The straight line obtained in Figure ~and Br were fitted using FACSIMILE based on the mechanism
6 results from the linear least-squares fit to experimental data, given in Table 2. Typical concentratiettime profiles (measured
and its slope gives the value of the rate constant for the non-and calculated) are shown in Figure 7. The experimental
I-atom-producing channels of reaction 1, that is, reactions 1a conditions used are summarized in Table 3. The initial

and 1d concentrations of O atoms were determined from the measure-
ments of the dissociated fraction of known concentration of O
Kyt kig= (7.54 1.0) x 10 ™ cm® molecule st in the microwave discharge. At relatively low [O], another

method was also used: the O atom titration by, Brading to
(the uncertainty represents + 10%). The value of the intercept  [O]o = ([Br] + [BrO])/2. As shown in Figure 7, the observed
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12 4 TABLE 3: Reaction IO + BrO — Products (1): 10 Kinetics
Br © in the Presence of Br

_ o 7 [0l [CFall¢ [Brae¢ [BrO]°  [Brl®  kia+ kigd (+20)
T T 1.2 15 6.3 1.0 1.15 8Z1.1
° -3 P 1.8 29 7.6 1.4 1.7 8.4 0.7
2 L e 2.6 11 7.4 2.0 2.65 9118
g 4 o 4.0 1.1 6.1 2.6 4.2 7816
£ 3 4.6 1.2 7.7 35 4.6 7.%0.9
530 Bro 15 2 5.2 1.1 8.2 3.8 55 7913
= B £ 8.4 1.1 7.0 5.3 8.5 9814
= - 9.0 0.9 6.0 5.0 10.0 7%20
= 1 2 11.0 1.4 6.5 6.3 11.0 8F1.7

— 4 —
@, 1 ] e a Experimental conditions and data for the non-l-atom producing
= N channels. Units ardof —10*2 molecule cm?, (c) —10* molecule cm?,
& o (d) =107 cm?® molecule* s
| | | of the rate constantg, + kig. The results are given in Table 3,
o4 : . : . ' p 0 and the mean value derived is
t (ms)

Figure 7. Reaction BrO+ 10 — products (1): 10 kinetics in the Kiat Kig=(8.3+ 1.6) x 10 **cm® molecule* st

presence of Br atoms: example of experimental (points) and simulated

(solid lines) kinetics. This value agrees quite well with that obtained in the previous

i . 11 1a1
concentrations of Br and BrO changed only slightly on the time section: (7.5 1.0) x 107 e molecule™ s™.

scale of the observations ¥ 1.5 ms). The values of [Br] and As itis shown below, the IBr-forming channel (reaction 1d),
[BrO] given in Table 3 are the corresponding mean values of Which is one of the two non-I-atom-forming channels of reaction
the quas|_stat|onary Concentra“ons l, |S Of minor |mp0rtance Therefore, the Slmu|atI0nS were made

The first five reactions in the mechanism used in the curve Using only channel 1a, forming Br and OIO. The reaction
fitting procedure (Table 2) characterize the sources of the activePetween Br and OIO was also introduced in the modeling
species and are not important for the determination of the rate calculation:
constant of IO+ BrO reaction. The rate constant of reaction 3
was varied to provide the best agreement between the calculated Br + OlO —BrO + 10(—-1a)
and measured concentrations of 10, BrO, and Br at the shortest
reaction times. The best-fit valueslafwere always in the range ~ An upper limit of 3x 10712 cm® molecule* s~ was found for
(3—8) x 10712 cm® molecule® s71, which agrees with the  the rate constant of this endothermic reaction (see Discussion).
measured valué = 3.7 x 1072 cm® molecule* s™.18 The (c) Branching Ratio for the Sum of Br- and IBr-Forming
results of the simulations were not sensitive to reactions 8 and ChannelsIn this series of experiments, the consumption of BrO
—8, whereas the BrG BrO reaction (13) was important only  radicals due to their reaction with 10 and the formation of IBr
for the Br/BrO partitioning. were observed simultaneously. BrO radicals were formed in the

It was anticipated that such experiments could lead to the moyable injector by the reaction of Br atoms with ozone, and
determination of the total rate constant of reaction 1. However, |0 radicals were produced by the reaction of O atoms (inlet 3)
it was observed that the simulated kinetics of 10 were not ith 1, (inlet 4). The initial concentrations of the reactants were
sensitive to the I-atom-forming channels of reaction 1. The [BrO]o = (0.3—3.0) x 102 molecule cm® and [I0} = (1.0—
reason for this can be easily understood from the analysis of5_0) x 10t molecule cm3. Oz and b were present at relatively
the | atom kinetics, for example, in Figure 7, where the high concentrations: [§ = (0.8-2.0) x 105 molecule cm?3
calculated time profile for [I] is shown (it was not possible to 54 k] = (1-2) x 10 molecule cm3. In experiments
measure the low concentrations of | atoms, due toasignificantperformed at fixed reaction timet (v 0.03 s), both the

residual signal atwe = 127 (I'), coming from the CH consumption of BrO and the formation of IBr were observed.
|on|zat|on—decomp(_33|t|on in the lon source of the mass nger the conditions used, Br atoms formed either in reaction
spectromef[er). Durmg the observation time=(2 ms), the | 1 or in the BrO self-reaction would have reacted withol form
cpncentratlon remameq almost unchanged and could be COM By and | atoms (converted back to 10). The formation of IBr
sidered in steady state: was due either to channel 1d or to the reactions of Br with |
Br being formed in channels 1a and 1b and in the reaction BrO
dij/dt = (k, + k,J[IO][BrO] + k,JIO][Br] + + BrO— Br + Br + O, (13a). The latter reaction was estimated
k,JO][I0] — k_.[l][BrO] =0 to contribute 5-30% (depending on the experimental conditions)
to the total concentration of the IBr formed. Reactions 1, 13,
Only the major processes affecting | concentration were taken and the BrO wall loss were responsible for the BrO consumption
into account here. All of these reactions are involved in 10 in these experiments, the contribution of reaction 1 being the
formation or consumption. Their net impact on 10 kinetics can major one. Neglecting the contributions of BrO wall loss and
be considered as negligible, because the same combination ofeaction 13 to the BrO consumption and IBr formation, the
the terms of the above expression (equal to zero) is included inmeasurement of the ratitb[I1Br]/ A[BrO] can be considered as
the calculation of d[IO]/t Hence, 10 decays were mainly due the measurement of the branching ratio for the sum of IBr- and
to the non-l-atom-producing channels of reaction 1 and the 10 Br-producing channels of reaction 1. The results thus obtained
homogeneous and heterogeneous losses. Finally, this series ah a series of 13 kinetic runs are summarized in Figure 8, which
experiments provided a complementary determination of the sumshows the dependence of [IBr] produced against [BrO] con-
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Figure 9. Reaction BrO+ 10 — products (1): example of experi-
mental (points) and simulated (solid lines) kinetics for the reactants,
10 and BrO, and for the reaction product IBr.

Figure 8. Reaction BrO+ 10 — products (1): dependence of the
concentration of IBr produced on the concentration of BrO consumed
in the presence of excess ofdnd Q (see text).

TABLE 5: Reaction IO + BrO — Products (1):

TABLE 4: Reaction |0 + BrO — Products (1): Reduced Experimental Conditions and Simulated Total Rate Constant

Mechanism Used in the Simulation of BrO and IBr Kinetics

for the Determination of k; (See Text)
reaction no rate constant ref [10]0 (10" molecule [BrOJo (10" molecule k; (£20) (10 cm?
F0I0) 1 ’ -~ cm3) cm3) molecule*s™)
BrO+ 10 — Br variable
BrO+BrO—Br+Br+0, 13a 2.35x 102 thiswork 2 08 03
BrO+ BrO—Br; + O, 13b  4x 107 this work 16 57 91t 0.7
BrO + wall — loss 0.5 this work 2'0 11' 1 8.31: 1'1
Br+1,—IBr +1 5 1.2x 1(Ti‘2) 16 2'1 9'4 9'3:& 1'1
Br+ O3 — BrO + O, 10 1.2x 10 13 27 33 674 1.1
2 Units are crd molecule® s for bimolecular reactions andfor 2.9 10.2 8.9: 1.0
heterogeneous reaction. 4.5 9.2 9.0+ 1.8
51 9.5 7.4+ 0.6
sumed. The linear least-squares fit to these experimental data
gives obtained above, and this difference is lower than the experi-
mental accuracy. Therefore, it was preferred to fit all of the
Ky, + Ky + ki g)/k, = [IBr]/[BrO] =0.92+0.11 data using the mechanism of Table 4 and considekirg kia

+ kip + kig. Figure 9 shows an example of such a simulation,
and all of the results are summarized in Table 5, providing the

(the uncertainty represents 1 10%). !
following mean value fok;:

In several studied’~2° a dark reaction,+ Oz was observed,
leading to the formation of 10 radicals and aerosols. On the

time scale of the present experiments and in the ranges]of [I k,=(8.5+ 1.5)x 10 **cm’ molecule *s™*
and [Q], no evidence was found for this dark reaction. However,
at higher concentrations of the reactants (fog][@ [I;] =6 (the uncertainty is @). The simulations were not sensitive to

times higher that that used above) 10 formation was observed.reactions 5 and 10, because th§/[D4] ratio in the experiments

(d) Total Rate Constant of Reaction Ih this series of was always maintained at a level high enough to totally convert
experiments, conducted under the same experimental condition®8r into IBr. These simulations were also not sensitive to
as above, the kinetics of BrO decay and IBr formation were reactions 13 and 17.
monitored. The observed BrO and IBr temporal profiles were  (e) Branching Ratio for the IBr-Forming Channel (Reaction
simulated using the experimental profiles of 10 and the reduced 1d). The major limitation in the determination of the branching
reaction mechanism, given in Table 4. ratios for multichannel 10 reactions in discharge flow experi-

As mentioned above, the experimental profiles obtained for ments comes from the fact that 10 cannot be generated at
IO were not simulated, because additional uncertainty would relatively high concentrations. This is a consequence of the very
have been introduced, mainly due to the reactiorH@D, for fast self-combination of 10 and also of heterogeneous effects
which the channels are not well established, and also due tosuch as an irreversible contamination of the surfaces in the
the 10 wall loss, which was rather important due to the relatively presence of high concentrations of 10. This is particularly
low concentrations of BrO used in these experiments. To troublesome when small amounts of minor products have to be
interpret the experimental observations, a simulation of the BrO quantified. In the case of the I® CIO reactior? for example,
profiles was made to extract the overall rate constant of reactionthis difficulty was overcome by using a continuous external
1. A simulation of the IBr profiles was also made to determine source of 10: the H Os reaction was used to regenerate the
the total rate constant for the Br- and IBr-forming channkls (10 consumed in their reaction with CIO. As a result, relatively
+ kip + ki4). It was observed that the difference between both high steady-state 10 concentrations could be reached and the
calculations was<10%. This is in agreement with the results formation of the different products could be measured. The
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situation is more complex for the 1@ BrO reaction. First,

J. Phys. Chem. A, Vol. 102, No. 51, 19980509

resulting from the various experiments described in the previous

secondary reactions involving 10, BrO, and the possible products part can be summarized as follows:

of reaction 1, | and Br, are fast:

IO+ Br—1+BrO
| +BrO—10 + Br

(14)
(~14)

Second, the BrO self-reaction is relatively rapid compared to

k, = (8.5+ 1.5) x 10 ** cm® molecule * s * (section d)

Kpp+ kig = (7.5 1.0) x 10" cm® moleculé ' s™
(section a)

the CIO one and produces Br atoms, which are also expectedkla+ k= (8.3+ 1.6) x 10 **cm® molecule*s*

to be produced in reaction 1.

To establish the branching ratio for the IBr-forming channel
(reaction 1d), a chemical system was used, in which the two
processes, the 10 formation and its rapid consumption by

(section b)

(Kpp T+ Kyp+ ki g)/k; = 0.92+ 0.11 (section c)

reaction 1, occurred simultaneously. This had the advantage of

forming relatively high concentrations of products and, at the
same time, locally high 10 concentrations could be avoided.
To achieve these conditiong,was initially introduced through
the movable injector (inlet 2) and titrated by an excess of Br
atoms (inlet 1). The corresponding concentration of | atoms
formed ([I] = 2[l2]o) was measured. Subsequently, a Bro/O
mixture was added into the reactor, BrO being formed in the
reaction of Br atoms (inlet 3) with £introduced through the
sidearm tube (inlet 4). lodine atoms, coming from the injector,
reacted with @to produce 10 radicals, which in turn reacted
with BrO, giving the products of reaction 1. Thus, the initial |
atoms were stoichiometrically converted to the products of
reaction 1. It should be noted that | atoms can react with BrO
in reaction —14. However, this reaction also leads to 10
formation, which does not change the concentration of | atoms
converted to the products of reaction 1. The IO consumption
by reaction 7 could be considered negligible compared with
that by reaction 1, due to the excess of BrO over kDahdk;

are comparable). The following concentrations of the reactants

were used: [ij = (0.4—2.0) x 102 molecule cm?, [BrO] =
2 x 10" molecule cm?, and [Q] = (0.8—3.0) x 10> molecule

cm~3. As expected, a complete disappearance of | and 10 was

k. 4k, < 0.05 (section €)
Analysis of these data gives branching ratios of-l8), <0.3,
and <0.05 for the formation of Br, |, and IBr, respectively. The
following range or upper limits for the branching ratios for the

rate constants of the individual channels of reaction 1 are as
follows:

ky/k, = 0.65-1.0
Ky/k, < 0.3
kyJk, < 0.2
ky /K, < 0.05
(ky, + ky)/k, < 0.3

For the total rate constant of reaction 1 the value obtained in
the present study is

k,= (8.5+ 1.5) x 10 " cm’moleculé's™*

observed. Under these conditions, IBr was not detected among

the products and the upper limit of the branching ratio for
channel 1d could be derivedgdk; < 0.05. In a few experi-
ments, the reaction of excess Br with IBr (instead Hfwas
used to form | atoms. In this case, the initial concentration of
| atoms was equal to [IBg] leading tokigki = [IBr]p/[IBI] 0,
where [IBr], was the concentration of IBr produced in reaction
1. This method allowed for the branching ratio to be taken as
the ratio of the IBr signals, without any absolute calibration.
The same result as above was obtained Kfk;. Possible
reactions of IBr that might have influenced the result obtained
for kid/k:s were considered. The reaction of IBr with BrO was

The data from this work can be compared with those of two

recent studie$!-'?In reference 11, the value of the overall rate
constant was derived from the simulation of the BrO and 10
experimental profiles, observed in the photolysis of BIN,O
mixtures. AtP = 200 Torr andT = 295 K, the value obtained
for ky was (6.94 2.7) x 102 cm? molecule’! sL. In reference
12, reaction 1 was studied Bt= (6—15) Torr andT = 204—
388 K, using pulsed laser photolysis coupled to a discharge flow
tube for the production of the radicals and pulsed laser-induced
fluorescence and UV absorption for the detection of 10 and
BrO, respectively. The Arrhenius expressikian-1 = (2.5+

too slow, as it has been shown before. The possible reaction] g) x 10711 exp[(260 + 100)T] cm3 molecule’ s was

IBr + O3 — products was also negligible due to the absence of
any IBr consumption by ©as observed in additional experi-
ments (by introduction of IBr into the reactor and monitoring
its kinetics in the presence of ozone).

Discussion

All of the kinetic data obtained above for the B BrO
reaction and its different channels

IO + BrO— Br + OIO (1a)
—Br+1+0, (1b)
— | + OBroO (1c)
—IBr+ 0O, (1d)

obtained for the rate constant of the non-l-atom-producing
channels of reaction 1. This expression gives the valuex6.0
107 cm?® molecule* st at T = 298 K. Furthermore, from
the simulation of the 10 temporal profiles, Gilles etlahave
given an upper limit of 35% for the I-atom-producing channels,
leading to an upper limit of 1. 1071° cm?® molecule® s*

for the total rate constant. Considering the uncertainty ranges,
all of these data are in good agreement with those obtained in
the present study, that ik = (8.5 £ 1.5) x 10711 cm?
molecule® s71, with an upper limit of 30% for the branching
ratio of the I-forming channels, reactions 1b and 1c. The detailed
kinetic study presented in this work leads to a better evaluation
of the branching ratios for the individual channels of reaction
1, which improves the understanding of the mechanism of the
IO + BrO reaction.
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The major channel of reaction 1 is channel 1a, which forms
Br atoms and OIO radicals. The chemistry and thermochemistry
of OlIO are not known so far. Only spectroscopic data have
appeared recentff. The fate of OIO in the present chemical
system and its possible influence on the results obtained in this
study are difficult to estimate. A weak signal has been detected
at me = 159 (which can be assigned to OIO) under the
conditions of the experiments performed for the determination
of the IBr yield (section €). The monitoring of this signal was
complicated by the presence of important signals ofdm/e
= 158 and 160. If this signal was attributed to OIO, the observe
temporal profiles would indicate a rapid formation of OIO
followed by its rapid consumption. Under the experimental

d

conditions used, OIO could have reacted with reactants present

in excess, such asz@r BrO, or could have disappeared at the
wall of the reactor. A detailed study could not be performed
due to the analytical difficulties. However, it can be noted that
the temporal behavior of the signal mfe = 159 apparently

did not depend on §concentration. In a preliminary investiga-
tion of the 10+ BrO reactior?! using the flash photolysis

UV absorption technique, OIO has been detected as a product
whereas no evidence was found for OBrO and IBr. These
qualitative observations are in good agreement with the data
obtained in the present study.

Information on the enthalpy of formation of OIO radicals
can be extracted from the mechanistic data obtained in the
present study. Taking into account the high value of the rate

constant for reaction 1, its negative temperature dependence

measured in another stuéfand its major products Br and OlO
formed in channel la, this channel can be considered to be
exothermic: AH14 < 0. Therefore, using the thermochemical
data (in kcal mot) AH{(IO) = 27.74 1.22 AHy(BrO) = 28.6

+ 1.416 and AH¢(Br) = 26.713 the upper limit of AH¢(OIO)

can be obtained:

AH®; ,5(OI0) < 32.2 kcal moT*

This value strongly depends on the heats of formation of 10
and BrO, which are not well established so far. In the above
calculation, the values derived from recent studies in this
laboratory have been us&&€ For comparison, the values given
in the most recent evaluations are (in kcal mMplAH(I0) =
30.5+ 2,183 25.620 and 30.1+ 4.332 and AH{(BrO) = 30 +
21329.920 and 30.1+£ 0.617 Because no experimental data on
OIO thermochemistry exist in the literature, the upper limit
determined here foAH®;29¢(OI0) can be compared with the
estimated value:AH®% 295(O10) = 38 + 6 kcal mol%.32 This
value was obtained from the enthalpy of atomization
AaH%(010), which was extracted from the relationship
AaH0(010) = 1.94 Do(10) (the factor 1.94 being the ratio of
the corresponding values for OCIO and ClO). Taking into
account the uncertainty range given in ref 32 and the existing
uncertainties in the thermochemical parameters for 10, the two
values are not inconsistent.

The atmospheric implications of the present kinetic data can
be briefly given. As previously discussed by Solomon ef al.,
the possible role of iodine in ozone depletion in the lower
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I0+XO—1+X+0, (@)
—IX + 0, @)
— 1+ 0X0 (b)
—X +0I0 ()

Channel a may proceed via one or two steps with the
intermediate formation of |00 or XOO, which rapidly decom-
poses to I+ O, or X + Oy, respectively. Channel’ also
produces H- X + O, similarly to channel a, because IX readily
photolyzes under sunlit conditions. Therefore, channels a and
a will lead to the ozone loss cycle:

IO +XO—1+X+0,
| +0,—~10 + 0,

X+ 0,—~ X0 + 0,

20,— 20,

Conversely, OBrO and OIO formed in channels b ahd b
respectively, will likely generate O atom by rapid photodisso-
ciation, as already observed for OCIO with a quantum yield of
unity,13 leading to null cycles, such as

IO + X0 — X + 0IO
Ol0+hy—0+10
X + 0, — X0 + 0,

O+0,+M—0,+M

O;— 04

The channel forming 100X has not been taken into account
here. This adduct could be detected neither in this work,
performed at 298 K, nor in the temperature-dependent study.
This channel, if it exists, would lead to ozone loss in a cycle
similar to that of the CIO dimer (e.g., ref 33). In the first
modeling calculation of the impact of iodine chemistry on
stratospheric ozorfeboth reactions IO+ XO (X = Cl or Br)
were assumed to have a rate constant of .00 cm?
molecule’! s71 and to proceed via the unique channel a. The
new laboratory data for these reactions will change the results
of such calculations, as it has been already demonstrated in
previous paper%!? In our study on the 10+ CIO reaction
(reaction 9), a simple estimation of the relative importance of
the iodine-initiated ozone-depleting cycles was made, consider-
ing our experimental data, namely, (i) a lower value of the total
rate constant, (1.4 0.2) x 10~ cm® molecule’? s7* and (ii)
branching ratios of 0.25 and 0.2 for channels a and a
respectively. It appeared that the #OCIO reaction contributed
significantly less to the total ozone loss. The relative efficiency
per atom of iodine compared to chlorine in depleting ozone,
near 15-20 km, was estimated to be reduced freri000 to
~300. The data from the present work will still reduce this
relative efficiency. If the total rate constant of the tOBrO

stratosphere depends on the iodine abundance and on the kineticeaction is not different from the previously estimated value,
data of the key reactions, 1& CIO, 10 + BrO, and 10+ the determination of the product yields of this reaction should
HO,, which are the rate-limiting steps of the ozone-destroying greatly reduce the impact on the ozone loss. The major channel,
cycles. Knowledge of the branching ratios for these reactions forming OIO (channel % with a branching ratio ranging

is also important, because not all channels lead to ozonebetween 0.65 and 1.0, leads to a null cycle. Therefore, if the
destruction. For the interhalogen reactions, the expected channelsipper limit of 0.35 is taken for the branching ratio for channels
can be written (with X= ClI, Br) a+ a for X = Br, the relative efficiency I/Cl of 300 estimated
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above is reduced to 150 and to around 100 if the branching

J. Phys. Chem. A, Vol. 102, No. 51, 19980511

(8) Pundt, I.; Phillips, C.; Pommereau, J. P. Presented at the XVIII

ratio is 10 times lower than the upper limit. Ozone destruction Quadrennial Ozone Symposium, L’Aquila, ltaly, Sept 1996.

(9) Bedjanian, Yu.; Le Bras, G.; Poulet, G. Phys. Chem. A997,

rates due to iodine chemistry have also been calculated in thejg; 4088,

other recent study of the 1@ BrO reactiont? concluding that

(10) Turnipseed, A. A.; Gilles, M. K.; Burkholder, J. B.; Ravishankara,

this reaction makes a significant contribution “with the caveat A- R.J. Phys. Chem. A997 101, 5517.

(11) Laszlo, B.; Huie, R. E.; Kurylo, M. J.; Miziolek, A. W.. Geophys.

that the products of this reaction lead to ozone loss”. The Res.1997 102, 1523.

mechanistic data of the present study suggest that this contribu-

tion will be less important. Therefore, © HO, reaction should

dominate in the ozone loss rate due to iodine chemistry. Ku

(12) Gilles, M. K.; Turnipseed, A. A.; Burkholder, J. B.; Ravishankara,
A. R.; Solomon, SJ. Phys. Chem. A997, 101, 5526.

(13) De More, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
rylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,

However, this discussion remains somewhat speculative, and &y, j, Chemical Kinetics and Photochemical Data for Use in Stratospheric
more quantitative statement requires determination of both the Modeling NASA, JPL, California Institute of Technology: Pasadena, CA,

branching ratio of the OlO-forming channel at stratospheric 1997

(14) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J,;

temperatures and the fate of the OIO radical, although a rapid y;.ponald. R. A.: Syverud, A. NJANAF Thermochemical Tableard ed.:
photodissociation to O and 10 can be anticipated to occur by NBS: Washington, DC, 1985.

analogy with OCIO and OBrO.

The reactions of 10 with other radicals are also of increasing

(15) Bedjanian, Yu.; Le Bras, G.; Poulet, [at. J. Chem. Kinet1998
in press.
(16) Bedjanian, Yu.; Le Bras, G.; Poulet, Ghem. Phys. Lettl997,

interest for tropospheric chemistry, because the 10 radical hasygg 233.

been detected in the marine boundary layer very recéhtly.

Although no CIO and BrO could be detected simultaneously at
the same site, that does not preclude the simultaneous presen
of 10, CIO, and/or BrO radicals in the troposphere making the

interhalogen reactions I1G- CIO or 10 + BrO of potential
significance, together with the 1® HO, reaction3> and possibly
with the 10+ CH30; reaction, which has not been investigated
so far.

Acknowledgment. This work was supported by the Euro-
pean Commission (Contract LEXIS, ENV4-CT95-0013).

References and Notes

(1) Chameides, W. L.; Davis, D. O. Geophys. Re498(Q 85, 7383.

(2) Jenkin, M. E. InThe Tropospheric Chemistry of Ozone in the Polar
Regions NATO ASI Series; Niki, H., Becker, K. H., Eds.; Springer-
Verlag: New York, 1993; Vol. 17.

(3) Barrie, L. A.; Bottenheim, J. W.; Schnell, R. C.; Crutzen, P. J.;
Rasmussen, R. ANature 1988 334, 138.

(4) Arctic Tropospheric Ozone Chemistry (ARCTQEpal report of
the EU project; Platt, U., Lehrer, E., Eds.; Heidelberg, 1997.

(5) Davis, D.; Crawford, J.; Liu, S.; Mckeen, S.; Bandy, A.; Thornton,
D.; Rowland, F.; Blake, DJ. Geophys. Re4996 101, 2135.

(6) Solomon, S.; Garcia, R. R.; Ravishankara, AJRGeophys. Res
1994 99, 20491.

(7) Wennbegr, P. O.; Brault, J. W.; Hanisco, T. F.; Salawitch, R. J.;
Mount, G. H.J. Geophys. Re4.997, 102, 8887.

(17) Chase, M. WJ. Phys. Chem. Ref. Datt996 25, 1069.
(18) Gilles, M. K.; Turnipseed, A. A,; Talukdar, R. K.; Rudich, Y.;
Villalta, P. W., Huey, L. G.; Burkholder, J. B.; Ravishankara, AJRPhys.

C8hem.1996 100, 14005.

(19) Harwood, M. H.; Rowley, D. M.; Cox, R. A.; Jones, R.1L.Phys.
Chem. A1998 102, 1790.

(20) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F.; Kerr, J.
A.; Rossy, M. J.; Troe, 1. Phys. Chem. Ref. Date997, 26, 521.

(21) Gilles, M. K.; Turnipseed, A. A.; Burkholder, J. B.; Ravishankara,
A. R. Chem. Phys. Lettl997 272, 75.

(22) Abbatt, J. P. D.; Toohey, D. W.; Fenter, F. F.; Stevens, P. S.; Brune,
W. H.; Anderson, J. GJ. Phys. Chem1989 93, 1022.

(23) Kaufman, FJ. Phys. Chem1984 88, 4909.

(24) Morrero, T. R.; Mason, E. Al. Phys. Chem. Ref. Daf®72 1, 3.

(25) Malleson, A. M.; Kellett, H. M.; Myhill, R. G.; Sweetenham, W.
P. FACSIMILE AERE Harwell Publications Office: Oxfordshire, U.K.,
1990.

(26) Young, M. A.; Pimentel, G. dnt. J. Chem. Kinet199Q 23, 57.

(27) Cox, R. A.; Coker, G. BJ. Phys. Chem1983 87, 4478.

(28) Vikis, A. C.; Macfarlan, RJ. Phys. Chem1985 89, 812.

(29) Harwood, M. H.; Burkholder, J. B.; Hunter, M.; Fox, R. W.;
Ravishankara, A. RJ. Phys. Chem. AL997 101, 853.

(30) Himmelmann, S.; Orphal, J.; Bovensmann, H.; Richter, A.; Lad-
statter-Weissenmayer, A.; Burrows, J@hem. Phys. Letl996 251, 330.

(31) Rowley, D. Private communication.

(32) Chase, M. WJ. Phys. Chem. Ref. DatE996 25, 1297.

(33) Sander, S. P.; Friedl, R. R.; Yung, Y. &ciencel989 245 1095.

(34) Alicke, B.; Hebestreit, K.; Platt, U.; Carpenter, L. J.; Sturges, W.
T. Ann. Geophys1998 16 (Suppl. II), C716.

(35) Maguin, F.; Laverdet, G.; Le Bras, G.; Poulet,J5Phys. Chem
1992 96, 1775.



