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The kinetics and mechanism of the reactions OH+ BrO f products (1) and OD+ BrO f products (2) have
been studied in the temperature ranges of 230-355 K and 230-320 K, respectively, and at total pressure of
1 Torr of helium using the discharge-flow mass spectrometric method. The following Arrhenius expressions
for the total rate constants have been obtained from the kinetics of BrO consumption in excess of OH(OD)
radical: k1 ) (1.65( 0.30)× 10-11 exp{(250( 50)/T} cm3 molecule-1 s-1 (with k1 ) (3.8 ( 0.9)× 10-11

cm3 molecule-1 s-1 at T ) 298 K) andk2 ) (1.7 ( 0.6) × 10-11 exp{(230 ( 100)/T} cm3 molecule-1 s-1

(with k2 ) (3.7( 0.9)× 10-11 cm3 molecule-1 s-1 at T ) 298 K), where uncertainties are twice the standard
deviation. From the kinetics of HBr formation, the upper limit of the rate constant of the reaction OH+ BrO
f HBr + O2 (1b) has been determined atT ) 298 K: k1b < 1.0 × 10-12 cm3 molecule-1 s-1 (k1b/k1 < 0.03
for the branching ratio of channel 1b). Similarly, for the reaction OD+ BrO f DBr + O2 (2b), the rate
constant atT ) 298 K has been determined:k2b ) (3.7( 1.8)× 10-13 cm3 molecule-1 s-1 (which corresponds
to the branching ratiok2b/k2 ) (1.0 ( 0.5) × 10-2). In addition, the rate constant of the reaction OD+ DO2

f D2O + O2 (3) has been measured for the first time:k3 ) (3.8 ( 0.9)× 10-11 cm3 molecule-1 s-1 at T )
298 K. This work suggests that the additional HBr source from the OH+ BrO reaction, although significant,
does not appear to be sufficient to explain the difference between current modeled and observed stratospheric
HBr concentrations.

Introduction

The reaction between OH and BrO radicals may proceed
following two channels:

(enthalpy data are from ref 1 except∆Hf,298(HO2) ) 3.0 ( 0.4
kcal mol-1 2,3 and ∆Hf,298(BrO) ) 28.6 ( 1.4 kcal mol-1 4).
Channel 1b is of potential importance for the stratospheric
chemistry of bromine. One current issue in the bromine
chemistry in the stratosphere is that models fail to reproduce
(underestimate by a factor up to 6) the measured HBr concen-
tration profiles. The existence of the minor HBr-forming
pathway of reaction 1 may significantly influence the overall
partitioning of bromine in the stratosphere, as well as the
bromine-mediated ozone loss. It has been shown that a value
of the branching ratio of as low as 1-2% for HBr formation in
reaction 1 would reconcile model calculations5,6 and strato-
spheric HBr measurements.7 Thus, the determination of both
the temperature dependence of the total rate constant and the
branching ratio for the HBr-forming channel is of great
importance. In the unique experimental study of the OH+ BrO
reaction,8 only the room-temperature value of the overall rate
constant has been measured with a large uncertainty:k1 ) (7.5
( 4.2) × 10-11 cm3 molecule-1 s-1.

The present work reports the results of the experimental study
of reaction 1 atT ) 230-355 K, including the measurement
of the total rate constant and of the upper limit for the branching
ratio of the HBr-forming channel. The detection of small yields
of HBr from the OH+ BrO reaction is an experimental problem,
since significant residual concentrations of HBr are known to
be present in the bromine-containing chemical systems used in
the laboratory. In this respect, the reaction OD+ BrO, which
is the isotopic analogue of reaction 1, has been also studied in
the present work, since it offers a more appropriate system for
the determination of a low DBr yield compared to HBr yield in
the OH+ BrO system

In addition, the results of the measurements of the rate constant
for the reaction between OD and DO2 radicals, which is involved
in the chemical system used for the determination of DBr yield
in reaction 2, are also reported

Experimental Section

Experiments were carried out in a discharge flow reactor using
a modulated molecular beam mass spectrometer as the detection
method. The main reactor, shown in Figure 1 along with the
triple movable injector for the reactants, consisted of a Pyrex
tube (45 cm length and 2.4 cm i.d.) with a jacket for the
thermostated liquid circulation (water or ethanol). The walls of
the reactor as well as of the injector were coated with halocarbon

* Corresponding author. E-mail: bedjanian@cnrs-orleans.fr.
† Presently at CNRS - LPCE (Laboratoire de Physique et Chimie de

l’Environnement), Orle´ans, France.

OH + BrO f Br + HO2 ∆H ) -(8.2( 1.8) kcal mol-1

(1a)

f HBr + O2 ∆H ) -(46.6( 1.4) kcal mol-1

(1b)

OD + BrO f Br + DO2 (2a)

f DBr + O2 (2b)

OD + DO2 f D2O + O2 (3)
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wax in order to minimize the heterogeneous loss of active
species. All experiments were conducted at 1 Torr total pressure,
with helium as the carrier gas.

Two different methods were used for the generation of OH
radicals. In the first one, the fast reaction of hydrogen atoms
with NO2 was used as the source of OH radicals

NO2 was always used in excess over H atoms which were
produced in a microwave discharge of H2/He mixtures or in
reaction 5

In the second method, OH radicals were produced in the reaction
of F atoms with an excess of H2O, with F atoms formed in the
microwave discharge of F2/He mixtures

To reduce F atom reactions with glass surface inside the
microwave cavity, we inserted a ceramic (Al2O3) tube in this
part of the injector. Similarly, the reaction of D atoms with
excess NO2 and reaction of F atoms with D2O were used to
form OD radicals

Deuterium atoms were formed in the microwave discharge of
D2 diluted in He or in the reaction of F atoms with D2

OH and OD radicals were detected at their parent peaks atm/e
) 17 (OH+) andm/e ) 18 (OD+), respectively. These signals
were corrected for contributions from H2O and D2O due to their
fragmentation in the ion source (operated at 25-30 eV), the
H2O and D2O being present in the reactor as precursors of the
radicals and/or being formed in the reactions of disproportion-
ation of OH and OD

These corrections could be easily done from the simultaneous
detection of the signals of H2O atm/e ) 17 and 18 (m/e ) 18
and 20 for D2O). In another method, OH and OD radicals were
detected as HOBr+ (m/e ) 96/98) and DOBr+ (m/e ) 97/99),
respectively, after scavenging by an excess of Br2 (added at
the end of the reactor through inlet 5, located 5 cm upstream of
the sampling cone) via reactions

This detection method did not require any corrections on the
detected signals. The same procedure of OH(OD) chemical
conversion to HOBr(DOBr) was used for the measurements of
the absolute concentrations of these radicals: [OH]) [HOBr]

F + D2O f OD + DF (8)

k8 ) 8.4× 10-12 exp(-260/T) cm3 molecule-1 s-1 [10]

Figure 1. Diagram of the apparatus used in (a) the kinetic study of reactions 1 and 2 and (b) the mechanistic study of reactions 1 and 2.

H + NO2 f OH + NO (4)

k4 ) 4.0× 10-10exp(-340/T) cm3 molecule-1 s-1 [1]

F + H2 f H + HF (5)

k5 ) 1.4× 10-10 exp(-500/T) cm3 molecule-1 s-1 [1]

F + H2O f OH + HF (6)

k6 ) 1.4× 10-11 exp{(0 ( 200)/T} cm3 molecule-1 s-1 [1]

D + NO2 f OD + NO (7)

k7 ) (1.20( 0.25)× 10-11cm3 molecule-1 s-1

(T ) 230-365 K) [9]

F + D2 f D + DF (9)

k9 ) 1.06× 10-10 exp(-635/T) cm3 molecule-1 s-1 [11]

OH + OH f O + H2O (10)

k10 ) 7.1× 10-13 exp(210/T) cm3 molecule-1 s-1 [9]

OD + OD f O + D2O (11)

k11 ) 2.5× 10-13 exp(170/T) cm3 molecule-1 s-1 [9]

OH + Br2 f Br + HOBr (12)

k12 ) 1.8× 10-11exp(235/T) cm3 molecule-1 s-1 [12]

OD + Br2 f Br + DOBr (13)

k13 ) 1.9× 10-11exp(220/T) cm3 molecule-1 s-1 [12]
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) ∆[Br2] ([OD] ) [DOBr] ) ∆[Br2]). Thus, OH and OD
concentrations were determined from the consumed fraction of
[Br2]. This method allowed also for the determination of the
absolute concentrations of HOBr and DOBr. [Br2] was deter-
mined from the measured flow rate of known Br2/He mixtures.
The possible influence of secondary chemistry on this detection
method and on the OH(OD) calibration procedure was discussed
in details in previous papers.9,12

Two reactions were used to produce BrO radicals

O atoms were generated from the microwave discharge in O2/
He mixtures. Br atoms were produced either from the microwave
discharge of Br2/He mixtures or in reaction 16 between F atoms
and HBr (for the mechanistic study of reactions 1 and 2)

BrO radicals were detected at their parent peak atm/e ) 95/97
as BrO+. Two methods have been used for the determination
of the absolute concentrations of BrO radicals. The first one
consisted of the usual procedure of BrO titration with NO, with
the subsequent detection of NO2 formed ([BrO] ) [NO2])

In this case, BrO was formed in reaction 14 in order to avoid
the regeneration of BrO through reaction 15 when O3 was
present in the reactor. Another method for the calibration of
BrO signals employed reaction 15 between Br atoms and ozone.
Br atoms, formed in the microwave discharge of Br2, were
consumed by using high ozone concentrations ([O3] ≈ 1015

molecules cm-3). The concentration of BrO was then determined
from the fraction of Br2 dissociated in the microwave discharge.
In these calibration experiments, the influence of the recombina-
tion reaction of BrO radicals (eq 18) (leading to steady state
for Br) was negligible due to the high ozone concentrations used

Besides, all bromine containing species involved in reactions
15 and 18 were detected, and the small concentrations of Br
atoms (not transformed to BrO) could be easily taken into
account: 2∆[Br2] ) [BrO] + [Br], where∆[Br2] is the fraction
of Br2 dissociated in the discharge. The absolute concentrations
of BrO determined by these different methods were always in
good agreement (within a few percent).

HO2 radicals, Br atoms, and HBr molecules were observed
in the chemical system used for the determination of the
branching ratio for the channel (1b) of reaction 1. For the

determination of the absolute concentrations of HO2, the fast
reaction of fluorine atoms with H2O2 was used as the source of
HO2 radicals, with F atoms produced in microwave discharge
of F2/He mixtures

It was verified by mass spectrometry that more than 90% of F2

was dissociated in the microwave discharge. H2O2 was always
used in excess over F atoms. Absolute concentrations of HO2

were measured using chemical conversion of HO2 to NO2

through reaction 20

This reaction leads to the simultaneous production of OH
radicals. To prevent the possible HO2 regeneration by reaction
21, we carried out calibration experiments in the presence of
Br2 in the reactor

Thus, OH was rapidly consumed by Br2 through reaction 12.
Similarly, reaction 22 of F atoms with D2O2 was used to produce
DO2 radicals and reaction 23 to measure their absolute
concentrations

The concentrations of NO2 and of the other stable species used
were determined from the measurements of pressure drop rate
in flasks containing mixtures of known dilution. The HO2 and
DO2 radicals were detected at their parent peaks atm/e ) 33
(HO2+) andm/e) 34 (DO2+), respectively. These signals were
always corrected for contributions from H2O2 and D2O2 due to
their fragmentation in the ion source. These corrections were
made from the simultaneous detection of the signals from H2O2

at m/e ) 33 and 34 (m/e ) 34 and 36 for D2O2), respectively.
Bromine atoms were detected at their parent peaks as Br+

(m/e ) 79/81). The absolute concentrations of Br atoms could
be obtained from the fraction of Br2 dissociated in the
microwave discharge ([Br]) 2∆[Br2]).

The absolute calibration of HBr (detected at its parent peaks
m/e ) 80/82) was obtained from the flow rate measurements
of known HBr/He mixtures. This method had to be applied with
special care, since it is known that HBr can decompose during
its storage, giving H2 and Br2. In the present study, HBr
(Aldrich, stated purity> 99.8%) was purified by distillation
before use. HBr/He mixtures were stored in a glass flask which
was previously passivated with HBr. It was verified by mass
spectrometry (detection of the possible decomposition product
Br2 and invariance of the HBr calibration from day to day) that
no significant decomposition of HBr occurred during its storage
for a few weeks. The decomposition product, Br2, was measured
to be less than 0.1% of HBr. To verify the reliability of these

O + Br2 f BrO + Br (14)

k14 ) 1.8× 10-11 exp(40/T) cm3 molecule-1 s-1 [13]

Br + O3 f BrO + O2 (15)

k15 ) 1.7× 10-11 exp(-800/T) cm3 molecule-1 s-1 [1]

F + HBr f Br + HF (16)

k16 ) 2.5× 10-10 exp(-506/T) cm3 molecule-1 s-1 [14]

BrO + NO f Br + NO2 (17)

k17 ) 8.8× 10-12exp(260/T) cm3 molecule-1 s-1 [1]

BrO + BrO f Br + Br + O2 (18a)

f Br2 + O2 (18b)

k18a) 2.4× 10-12exp(40/T) cm3 molecule-1 s-1 [1]

k18b ) 2.8× 10-14exp(860/T) cm3 molecule-1 s-1 [1]

F + H2O2 f HO2 + HF (19)

k19 ) 5.0× 10-11 cm3 molecule-1 s-1 (T ) 300 K) [15]

HO2 + NO f OH + NO2 (20)

k20 ) 3.5× 10-12exp(250/T) cm3 molecule-1 s-1 [1]

OH + H2O2 f HO2 + H2O (21)

k21 ) 2.9× 10-12exp(-160/T} cm3 molecule-1 s-1 [1]

F + D2O2 f DO2 + DF (22)

DO2 + NO f OD + NO2 (23)

k23 ) (1.1( 0.3)×
10-11 cm3 molecule-1 s-1 (T ) 297K) [16]
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measurements of the HBr absolute concentrations, we used
another method. It consisted of the chemical conversion of HBr
to Br by an excess of F atoms through reaction 16. In this case,
the concentration of HBr could be related to the concentration
of the Br atoms formed. The relation between HBr and Br
signals obtained by this method was in good agreement (within
a few percent) with the results of the independent calibrations
of HBr and Br. In the experiments with DBr detection, the
calibration factor (concentration-to-signal ratio) was considered
to be the same for HBr and DBr (m/e) 81/83). This hypothesis
was verified experimentally. Using the chemical conversion of
H and D atoms to HBr and DBr via reactions 24 and 25,
respectively, we could relate the intensity of both HBr and DBr
signals the concentration of Br2

In these experiments, the ratio of concentration to signal intensity
was found to be the same for HBr and DBr.

Ozone was produced by an ozonizer (Trailigaz) and was
collected and stored in a trap containing silica gel atT ) 195
K. The trap was pumped before use in order to reduce the O2

concentration. The resulting oxygen concentration was always
less than 20% of the ozone concentration introduced into the
reactor. The absolute concentration of O3 was derived using
the reaction of ozone and NO with simultaneous detection of
ozone consumed and NO2 formed (∆[O3] ) ∆[NO2])

The purities of the gases used were as follows: He,
>99.9995% (Alphagaz) was passed through liquid nitrogen
traps; O2 > 99.995% (Alphagaz); H2 > 99.998% (Alphagaz);
D2 > 99.7% (Alphagaz); D2O (99.9% D, Euriso-top); H218O
(96.5%18O, Euriso-top); Br2 > 99.99% (Aldrich); F2 (5% in
Helium, Alphagaz); NO2 > 99% (Alphagaz); NO,>99%
(Alphagaz), was purified by trap-to trap distillation in order to
remove NO2 traces. A 70% H2O2 solution was purified to around
90% by flowing helium through the bubbler containing H2O2.

Results

1. Reaction OH+ BrO f Products. The determination of
the total rate constant for reaction 1 represents a significant
experimental challenge, as it is difficult to avoid the influence
of multiple possible secondary and side processes involving
reactants and products of reaction 1 as well as the precursors
of OH and BrO radicals. In the present work, two different
approaches were used to measure the rate constant of reaction
1. First, k1 was measured directly under pseudo-first-order
conditions using an excess of OH over BrO radicals. In another
series of experiments, a relative rate method was employed,
using the reaction OH+ Br2 as the reference.

a. Absolute Measurements of the Total Rate Constant.In this
series of experiments, the rate constant of reaction 1 was derived
from the kinetics of BrO consumption monitored in excess of
OH radicals. The configuration used for the introduction of the
reactants into the reactor is shown in Figure 1a. OH radicals

were formed either in the reaction of H atoms with NO2 or in
the reaction of F atoms with H2O. H or F atoms formed in the
microwave discharge (inlet 3) were introduced into the reactor
through the outer tube of the movable injector, and NO2 or H2O
was passed through the reactor sidearm (inlet 4). The second
reactant, BrO radicals, was formed in the central tube of the
sliding injector through the reaction of oxygen atoms (inlet 1)
with excess Br2 (inlet 2). Concentrations of the reactant
precursors, Br2 and NO2, in the reactor were 0.5-1.0 × 1012

and 6-7 × 1013 molecules cm-3, respectively. NO was another
species present in the reactor, since it was formed in the OH
source (reaction 4) and in the sequence of reactions 10 and 27

NO thus formed ([NO] g [OH]0) led to additional BrO
consumption in reaction 17

The F + H2O reaction is NOx free source of OH radicals.
However, in absence of NO2 in reactor, the O atoms formed in
reaction 10 and, to a lesser extent, through reaction 28 in the
OH production zone

can further react. Under the present experimental conditions,
oxygen atoms could lead either to the generation of BrO radicals
in reaction 14 with Br2 or to the consumption of BrO in reaction
29

For this reason, in the experiments using F+ H2O reaction to
produce OH radicals, NO2 was also introduced into the reactor
(inlet 4) in order to scavenge the O atoms. Thus, NO was always
present in the reactor, and the measurements of the rate constant
of reaction 1 were conducted in the presence of NO. The range
of the initial concentrations of OH is shown in Table 1, whereas

H + Br2 f Br + HBr (24)

k24 ) 6.7× 10-10exp(-673/T) cm3 molecule-1 s-1 [17]

D + Br2 f Br + DBr (25)

k25 ) 6.0× 10-10exp(-709/T) cm3 molecule-1 s-1 [17]

NO + O3 f NO2 + O2 (26)

k26 ) 2.0× 10-12exp(-1400/T) cm3 molecule-1 s-1 [1]

TABLE 1: Reaction OH + BrO f Products (1):
Experimental Conditions and Results for the Direct
Measurements of the Rate Constant

T (K) no/exp.a [OH]0
b

source
of OH

detection
of OHc k1

d

355 8 0.6-7.3 H+ NO2 OH+ 3.3( 0.8
323 6 0.7-6.7 H+ NO2 OH+ 3.4( 0.9
320 8 0.6-8.0 H+ NO2 HOBr+ 4.0( 1.0
320 7 0.7-7.4 F+ H2O HOBr+ 3.5( 0.9
300 22 0.8-10.3 H+ NO2 HOBr+ 3.6( 0.9
298 9 0.7-7.2 F+ H2O HOBr+ 3.9( 1.0
273 8 0.6-7.2 H+ NO2 HOBr+ 4.3( 1.1
270 8 0.8-6.4 F+ H2O HOBr+ 4.0( 1.0
250 7 0.7-9.0 H+ NO2 HOBr+ 4.3( 1.1
248 8 0.7-7.2 F+ H2O HOBr+ 4.6( 1.2
230 8 0.6-5.8 H+ NO2 OH+ 4.9( 1.2

a Number of kinetic runs.b Concentrations are in 1012 molecules
cm-3. c OH radicals were detected as OH+ (m/e ) 17) or as HOBr+

(m/e) 96/98) after scavenging by excess Br2 (see text).d Rate constants
are in 10-11 cm3 molecule-1 s-1, and errors are the conservative 25%
uncertainties, including estimated systematic errors.

OH + OH f O + H2O (10)

O + NO2 f NO + O2 (27)

k27 ) 6.5× 10-12exp(120/T) cm3 molecule-1 s-1 [1]

BrO + NO f Br + NO2 (17)

F + OH f O + HF (28)

O + BrO f Br + O2 (29)

k29 ) 1.9× 10-11exp(230/T) cm3 molecule-1 s-1 [1]
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the initial concentration of BrO radicals was (1.5-2.0)× 1011

molecules cm-3. The linear flow velocity in the reactor was in
the range of 1600-2200 cm s-1.

The observed consumption of BrO was due to reaction 1,
reaction 17, and wall loss (kw). The reaction of BrO with HO2,
which is the main product of reaction 1, had negligible impact
on the kinetics of BrO due to the low initial concentrations of
BrO and the occurrence of the fast reaction of HO2 with OH

Thus, the pseudo-first-order rate constant which could be derived
from the exponential fit to the experimental BrO decays was

When the known value ofk17 and the concentration of NO in
the reactor (which was directly measured by mass spectrometry)
were considered, the contribution of reaction 17 could be easily
calculated and extracted fromk1′measuredto obtain the corrected
valuek1′ ) k1[OH] + kw. An example of the dependencies of
the measured and corrected pseudo-first-order rate constants
versus OH concentration (with reaction 4 as a source of OH) is
shown in Figure 2. The correction onk1′measureddue to the
reaction of BrO with NO is around 50% in this case. The rate
constant of reaction 1 was calculated from the slope of the linear
fit of the plots of the corrected pseudo-first-order rate constant
versus OH concentration. All the values ofk1′measuredwere
corrected also for axial and radial diffusion19 of BrO. The
diffusion coefficient DBrO-He was calculated from DKr-He.20

Typical corrections were within 10%. A similar example,
obtained with reaction 6 as a source of OH, is shown in Figure
3. One can note that in this case, the correction onk1′measuredis
higher at the highest concentrations of OH. This could be
expected since the main source of NO in this case is reaction
27 of NO2 with O, the oxygen atoms being formed in the OH

+ OH reaction. One can also note that the correctedk1′ data
are well fitted by the linear dependence versus [OH], which is
not the case for the measured values of the pseudo-first order
rate constant. This seems to show that the contribution of the
BrO + NO side reaction to the consumption of BrO is properly
taken into account by the applied procedure. A consumption of
the excess reactant, OH radicals, was also observed (generally
lower than 20%, however, up to 50% in a few kinetic runs).
This OH consumption was due to reaction with BrO (eq 1),
HO2 (eq 31), and Br2 (eq 12) to the OH disproportionation
reaction 10, to reaction with NO2 (eq 32), and to the hetero-
geneous loss of OH

This value ofk32 is recommended in ref 1 for M) N2. The
value ofk32 with He as a third body can be lower by a factor
2-3.21 By comparison, the rate constants of the reaction of OD
with NO2 reported in ref 22 arek ) 4.05× 10-30 and 1.27×
10-30 cm6 molecule-2 s-1 for M ) N2 and He, respectively. In
the calculation of the rate constants, [OH] and [OD] have been
kept constant, with a mean value along the BrO decay kinetics.
A numerical simulation of the BrO decay kinetics, using the
observed [OH] temporal profiles, gave the same values fork1

(within 5%). The final results obtained fork1 in this series of
experiments are given in Table 1 and are also presented in Figure
4. A good agreement can be noted for the results obtained for
k1 under the different experimental conditions and with the
different methods for the OH detection. The uncertainties on
k1 represent 25% conservative uncertainty, which is the com-
bination of statistical and estimated systematic errors. The
estimated systematic uncertainties include(5% for flow meter
calibrations,(1% for temperature,(3% for pressure, and(10%
for the absolute OH concentrations. Combining these uncertain-
ties in quadrature and adding∼15% for the statistical error and
uncertainty on the contribution of BrO+ NO reaction yield
∼25% overall uncertainty on the values ofk1.

Possible error from the method of OH detection as HOBr+

(m/e ) 96/98) has been considered. Additional HOBr could be
formed in the main reactor as a result of the secondary reaction

Figure 2. Example of pseudo-first-order plot of BrO consumption in
the reaction with excess OH radicals in the presence of NO: OH source
is the reaction H+ NO2, T ) 300 K,k1′measured) k1[OH] + k17[NO] +
kw (filled circles),k1′ ) k1[OH] + kw (open circles; see text), and the
pseudo-first-order plot of Br2 consumption in the reaction with OH
(squares).

BrO + HO2 f HOBr + O2 (30)

k30 ) 9.4× 10-12exp(345/T) cm3 molecule-1 s-1 [18]

OH + HO2 f H2O + O2 (31)

k31 ) 4.8× 10-11exp(250/T) cm3 molecule-1 s-1 [1]

k1′measured) k1[OH] + k17[NO] + kw

Figure 3. Example of pseudo-first-order plot of BrO consumption in
the reaction with excess OH radicals in the presence of NO: OH source
is the reaction F+ H2O, T ) 298 K,k1′measured) k1[OH] + k17[NO] +
kw (filled circles), andk1′ ) k1[OH] + kw (open circles; see text).

OH + NO2 (+M) f HNO3 (+M) (32)

k32 )

2.5× 10-30(T/300)-4.4cm6 molecule-2 s-1 (for M ) N2) [1]
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of BrO with HO2 (30) (produced in reaction 1) and reaction 12
of OH with Br2 from BrO source. This could lead to the
overestimation of the OH concentration in the reactor. However,
this HOBr formed in the reaction system could be easily
observed (when Br2 was not added at the end of the reactor)
and could be extracted from the HOBr signal corresponding to
the concentration of OH (measured with addition of Br2 at the
end of the reactor). The concentration of HOBr from reactions
12 and 30 was always much lower than that corresponding to
the OH concentration.

b. RelatiVe Measurements of the Rate Constant.In this series
of experiments, the rate constant of reaction 1 was measured
using the reaction of OH with Br2 as the reference

The temperature dependence of the rate constant of this reaction
is well established, considering the excellent agreement between
two recent measurements:k12 ) (1.98 ( 0.51) × 10-11 exp
[(238 ( 70)/T]23 andk12 ) (1.8 ( 0.3) × 10-11 exp [(235(
50)/T] cm3 molecule-1 s-1.12 The approach used in this relative
study consisted of the titration of the initial concentration of
OH, [OH]0, by a mixture of excess BrO and Br2 and the
measurements of the HOBr yield as a function of the [BrO]/
[Br2] ratio. The concentration of HOBr formed is simply defined
by the fraction of [OH]0 reacting with Br2

Considering the derived expression

we can obtain the rate constant ratiok1/k12 and, hence,k1 by
plotting [OH]0/[HOBr] - 1 as a function of the [BrO]/[Br2]
ratio. The main experimental difficulty in these measurements
is that additional HOBr can be formed in the fast secondary
reaction of BrO with HO2 (30), the HO2 being produced in
reaction 1. To exclude this possibility, we carried out all the

experiments described below using isotopically labeled OH
radicals,18OH. In this case, the reaction18OH + Br2 produces
H18OBr, whereas the sequence of reactions 1a and 30 leads to
H16OBr formation

Thus, the primary and secondary sources of HOBr can be
distinguished.

In these experiments,18OH radicals were produced via the
reaction of F atoms with H218O and were introduced into the
reactor through the central tube of the movable injector. The
BrO/Br2 mixture was prepared by reaction of oxygen atoms
(microwave discharge of O2/He, inlet 3) with excess Br2 (inlet
4) through reaction 14. To reach higher concentrations of BrO
and to minimize the BrO+ BrO reaction, we added ozone into
the reactor

Both BrO and Br2 concentrations were varied, and the yield of
H18OBr (detected atm/e ) 100) was measured as a function of
[BrO]/[Br2] ratio. A typical experimental plot, measured atT
) 240 K, is shown in Figure 5. According to expression II, the
slope of this linear dependence gives thek1/k12 ratio. All the
results obtained at three temperatures (T ) 355, 299, and 240
K) are presented in Table 2, which also reports the initial
concentrations of18OH, Br2, and BrO used as well as the final
results obtained fork1. The values ofk12 used in the calculations
of k1 were determined from the Arrhenius expressionk12 ) 1.9
× 10-11 exp(235/T) cm3 molecule-1 s-1 (preexponential factor
is the mean of those reported in refs 12 and 23) with the addition
of a conservative 15% uncertainty, considering that in refs 12
and 23 (i) similar values were measured for the activation factor,
E/R ) 238 and 235 K, respectively, and (ii) the difference
between the reported preexponential factors was around 10%.

One of the advantages of the above approach for the
determination ofk1/k12 ratio is that it does not require measure-
ments of the absolute concentrations of the involved species.
[OH]0 could be expressed in the relative units as HOBr signal
when [OH]0 was titrated by an excess of Br2. Thus, in these
experiments, only HOBr signal was detected, first in the absence
of BrO (corresponding to [OH]0) and second in the presence of

Figure 4. Temperature dependence of the total rate constant of the
reaction OH+ BrO f products (1): (b) OH source is the reaction F
+ H2O, with OH detected as HOBr+; (9) OH source is the reaction H
+ NO2, with OH detected as HOBr+; (0) OH source is the reaction H
+ NO2, with OH detected as OH+; (O) relative measurements ofk1;
(×) data from ref 8.

Figure 5. Reaction OH+ BrO f products (1): relative measurements
of the rate constant (see text).

OH + Br2 f HOBr + Br (12)

[HOBr] )
k12[Br2]

k12[Br2] + k1[BrO]
[OH]0 (I)

[OH]0

[HOBr]
- 1 )

k1

k12
× [BrO]

[Br2]
(II)

18OH + Br16O f H18O16O + Br (1a)

Br16O + H18O16O f H16OBr + 18O16O (30)

Br + O3 f BrO + O2 (15)
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BrO/Br2 (corresponding to the fraction of [OH]0 reacted with
Br2). The measurements of the absolute concentrations of BrO
and Br2 could be also avoided, since the mass spectrometric
signals of these species could be related to each other using the
reaction of excess ozone with Br atoms from the microwave
discharge of Br2. In this case, 2∆[Br2] ) [BrO], and one can
easily find the relation between the signals of BrO and Br2,
which correspond to the same concentrations of these species.
This relative calibration was verified to be in good agreement
with the absolute measurements of Br2 and BrO concentrations
(as described in Experimental Section).

The possible influence of secondary chemistry on the obtained
results appears to be negligible. There are two important
assumptions for the above treatment to be correct: (i) OH is
only consumed in reactions with BrO and Br2, and (ii) no other
sources of H18OBr than reaction 12 exist. These conditions were
satisfied due to (i) the use of low initial concentrations of OH
and high concentrations of BrO and Br2 (to ensure negligible
contribution of OH+ OH and OH+ O3 reactions) and (ii) the
use of isotopically labeled OH.

The results of another approach in this relative study of
reaction 1 are shown in Figure 2. In this case, the kinetics of
Br2 (Br2 from the source of BrO) and BrO in their reaction with
OH radicals were observed simultaneously. As one can see from
the data presented in Figure 2, similar values for the pseudo-
first-order rate constants were observed from BrO and Br2

decays, indicating that the ratiok1/k12 is around unity atT )
300 K.

The results of the relative measurements ofk1 are in excellent
agreement with those from the absolute study (Tables 1 and 2).
The temperature dependence ofk1, combining all the data
obtained for k1, is presented in Figure 4. The following
Arrhenius expression is derived:

Quoted uncertainties represent two standard deviations.
c. Measurements of the Branching Ratio for the HBr-Forming

Channel OH+ BrO f HBr + O2 (1b). The determination of
an expected low branching ratio for the HBr-forming channel
of reaction 1 is an experimental challenge since (i) small
amounts of the minor product, HBr, should be detected and
quantified and (ii) relatively high background concentrations
of HBr are known to be always present in the reactor when Br
containing species are used and, particularly, when a microwave
discharge of Br2 is operated. Considering this, we conducted
the experiments with relatively high concentrations of the
reactants, OH and BrO. The disadvantage of such experimental
conditions is that secondary reactions cannot be avoided and
can significantly affect the quantitative detection of the minor
product. In the present study, this problem has been solved by
observing directly the kinetics of all the species (reactants,
intermediates) involved in HBr formation and consumption.

Experiments were carried out at 1 Torr total pressure and
only at room temperature. The configuration of the flow system
used in these experiments is shown in Figure 1b. The initial
reactants, OH and BrO, were formed in a sequence of reactions
conducted in different regions of the main reactor. In region 1,
HBr molecules were transformed into Br atoms by fast reaction
with an excess of atomic fluorine (from microwave discharge
of F2/He mixtures). Further, H2/NO2 mixture was added to this
chemical system. In reaction zone 2, F atoms were completely
consumed by an excess of H2, and hydrogen atoms thus formed
reacted with NO2, producing OH radicals. Finally, in region 3,
i.e., in the main reactor, Br atoms reacted with ozone to form
BrO radicals. This configuration allowed (i) a Br2 free chemical
system (to avoid the fast side reaction OH+ Br2) with relatively
high concentrations of the reactants, OH and BrO (up to 1013

molecules cm-3), and (ii) avoiding the use of the microwave
discharge of Br2, which should have led to high background
concentrations of HBr. The kinetics for eight species involved
in this complicated chemical system were observed: OH, BrO,
Br, HO2, NO, NO2, HOBr, and HBr. A reaction mechanism
used in the simulation of the experimental curves is shown in
Table 3. An example of the experimental and simulated kinetics
is presented in Figure 6. The variable parameters were the rate
constants of reactions 1a and 1b. They were determined from
the best fit to the kinetics of OH consumption and HBr
formation, respectively. For all other species, a good agreement

TABLE 2: Reaction OH + BrO f Products (1): Experimental Conditions and Results for the Relative Measurements of the
Rate Constant

T (K) [OH]0
a [BrO]b [Br2]b [BrO]/[Br2] k1/k12

c k1
d

355 3.0 1.0-4.2 2.0-9.2 0.11-1.57 0.91( 0.02 3.35( 0.60
299 2.5 1.1-4.4 2.6-7.8 0.15-1.45 0.92( 0.03 3.85( 0.70
240 2.3-6.4 0.3-4.0 1.9-7.0 0.05-2.04 0.95( 0.02 4.8( 0.8

a Concentrations are in 1011 molecules cm-3. b Concentrations are in 1013 molecules cm-3. c Uncertainty of thek1/k12 ratio is 1σ from the linear
fit. d Rate constants are in 10-11 cm3 molecule-1 s-1, and uncertainty ofk1 represents combination of the uncertainties ofk12 (15%) andk1/k12 (1σ).

k1 ) (1.65( 0.30)× 10-11 exp[(250(

50)/T] cm3 molecule-1 s-1 T ) (230-355) K

TABLE 3: Measurements of the Rate Constant of the
Reaction OH + BrO f HBr + O2 (1b): Mechanism Used in
the Computer Simulations

reaction rate constanta

OH + BrO f HBr + O2 k1b, varied
OH + BrO f Br + HO2 k1a, varied
OH + HO2 f H2O + O2 1.1× 10-10

HO2 + BrO f HOBr + O2 3.1× 10-11

HO2 + Br f HBr + O2 1.7× 10-12

HO2 + NO f OH + NO2 8.1× 10-12

HO2 + O3 f OH + 2O2 2.0× 10-15

BrO + NO f Br + NO2 2.1× 10-11

BrO + BrO f Br + Br + O2 2.7× 10-12

BrO + BrO f Br2 + O2 0.5× 10-12

Br + O3 f BrO + O2 1.2× 10-12

OH + O3 f HO2 + O2 6.8× 10-14

OH + HBr f Br + H2O 1.1× 10-11

OH + OH f O + H2O 1.4× 10-12

O + OH f H + O2 3.3× 10-11

O + HO2 f OH + O2 5.9× 10-11

O + BrO f Br + O2 4.1× 10-11

O + NO2 f NO + O2 9.7× 10-12

H + O3 f OH + O2 2.9× 10-11

H + NO2 f OH + NO 1.3× 10-10

NO + O3 f NO2 + O2 1.8× 10-14

BrO + wall f loss 3 s-1

OH + wall f loss 5 s-1

HO2 + wall f loss 5 s-1

a For bimolecular reactions, units are cm3 molecule-1 s-1; all rate
constants atT ) 298 K are from ref 1, except HO2 + BrO,18 HO2 +
Br,24 OH + OH,9 OH + HBr,25 and the wall loss rates measured in
this work.
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(typically within 10%) between experimental data and results
of the simulation was achieved without any variation of the
kinetic parameters. Although the reaction mechanism used in
the simulation of the experimental data appears to be rather
complex, the kinetics of HBr is, in fact, defined by only three
processes: reactions 1b and 33, leading to HBr formation, and
reaction 34, leading to HBr consumption

Thus, the simulated profiles of HBr are only sensitive to the
rate constants for reactions 1b, 33, and 34 and to the concentra-
tion profiles of OH, BrO, Br, and HO2. All these species were
directly detected and their absolute concentrations were mea-
sured. From Figure 6a, it can be seen that the reaction
mechanism used for the simulation gives an adequate repre-

sentation of the chemical processes occurring in the reactor.
Figure 6b shows the sensitivity of the HBr profiles to the rate
constant of reaction 1b (presented as the branching ratiok1b/k1

with k1 ) 3.8× 10-11 cm3 molecule-1 s-1 from this work). All
the results obtained fork1aandk1b in a series of five experiments
are shown in Table 4. One can note that the results obtained
for the total rate constant of reaction 1,k1 ) k1a + k1b, are in
excellent agreement with those obtained in the kinetic study of
the reaction, although they were determined under completely
different experimental conditions. The mean value fork1b from
this series of experiments isk1b ) (6.7 ( 1.9) × 10-13 cm3

molecule-1 s-1 (where uncertainty represents 95% confidence
limits on the results of the simulation). Using the value ofk1 )
(3.8( 0.9)× 10-11 cm3 molecule-1 s-1, we find the branching
ratio of the channel (1b) to bek1b/k1 ) (1.8 ( 0.8) × 10-2.

The results of the simulation have shown that, under the
experimental conditions used, the contribution of reaction 1b
to the observed HBr formation was in the range of 50(10%.
The other part of the observed HBr was due to reaction 33.
Thus, the precise knowledge of the rate constant for reaction
33 is very important for the determination ofk1b. This rate
constant seems to be well established, since the data obtained
at room temperature fork33 in the three most recent studies are
consistent: k33 ) (1.98 ( 0.05) × 10-12,26 (1.5 ( 0.2) ×
10-12,27 and (1.7( 0.2) × 10-12 cm3 molecule-1 s-1.24 In the
present work, the value measured recently in this laboratory24

was used in the simulations. The results obtained fork1b were
indeed very sensitive to the value ofk33: using the values 1.5
× 10-12 and 2.0× 10-12 cm3 molecule-1 s-1 for this rate
constant led to changes in the fitted values ofk1b within +20%
and-30%, respectively.

Another reaction influencingk1b is OH + HBr (eq 34). Its
rate constant is well-known:k34 ) (1.1 ( 0.1) × 10-11 cm3

molecule-1 s-1, as measured in refs 25 and 28-32 and
recommended in refs 1 and 33. Variation ofk34 within its
uncertainty range ((10%) led to changes ink1b within +20%
and -6%, respectively. The consumption of HBr by OH has
another important consequence in the fitting procedure, since
the rate of HBr formation depends on the absolute concentration
of HBr

It means that the kinetics of HBr, from whichk1b is derived,
depend on the initial concentration of HBr in the reactor (first
observation point). In this respect, the signal detected atm/e )
80 can be either completely attributed to HBr present in the
reactor or partly due to contributions from other species or from
the HBr+ ion formed in the ion source (as a result of
homogeneous or heterogeneous chemical processes, for ex-

Figure 6. Example of experimental (points) and simulated (lines)
kinetics for the species detected in the chemical system used for the
study of the reaction OH+ BrO f HBr + O2 (1b): t ) 0 corresponds
to the first observation point at the top of the reaction zone (see text
for Figure 6a,b).

HO2 + Br f HBr + O2 (33)

k33 ) 4.9× 10-12exp(-310/T) cm3 molecule-1 s-1 [24]

OH + HBr f Br + H2O (34)

k34 ) 5.3× 10-12exp(225/T) cm3 molecule-1 s-1 [25]

TABLE 4: Measurements of the Rate Constant for the
Reaction OH + BrO f HBr + O2 (1b): Experimental
Conditions and Results

no [OH]a [BrO]a k1a/10-11b k1b/10-13b

1 7.3 4.6 3.7( 0.2 6.7( 1.0
2 7.8 4.3 3.6( 1.0 6.6( 1.0
3 8.2 6.3 3.5( 0.5 4.2( 1.2
4 8.6 2.6 3.7( 0.3 7.4( 0.6
5 9.2 3.0 3.6( 0.4 8.4( 1.4

a Concentrations are in 1012 molecules cm-3, and the concentrations
represent those measured at the top of the reaction zone;b Rate
constants are in cm3 molecule-1 s-1, and the uncertainties are 95%
confidence limits on the fitting procedure.

d[HBr]/dt ) k1b[OH][BrO] +
k33[Br][HO2] - k34[OH][HBr]
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ample). In the above calculations, the signal atm/e ) 80 was
considered as corresponding to HBr present in the reactor. Thus,
the value obtained fork1b must be considered as the upper limit
of the rate constant. Therefore, only the upper limits fork1b

andk1b/k1 are recommended from this study

2. Reaction OD+ BrO f Products. a. Kinetic Study.The
rate constant of reaction 2 was measured in a similar way to
that of the OH+ BrO reaction. The kinetics of BrO consumption
were monitored in excess of OD radicals. BrO radicals were
formed in the reaction of O atoms with excess Br2 in the central
tube of the movable injector. OD radicals were produced through
the reactions of D and F atoms (inlet 3) with NO2 and D2O
(inlet 4), respectively. When the F+ D2O reaction was used as
a source of OD radicals, NO2 at concentrations of 6-7 × 1013

molecules cm-3 was also added in the reactor (inlet 4) in order
to scavenge oxygen atoms. The initial concentrations of BrO
radicals were in the range of 1.5-2.0 × 1011molecules cm-3.
The concentrations of the precursor species in the reactor were
as follows: [D2O] ) (1-2) × 1014 molecules cm-3, and [Br2]
) 0.5-1.0 × 1012 molecules cm-3. Similar to the study of
reaction 1, the pseudo-first-order rate constants,k2′ ) -d(ln-
[BrO])/dt, obtained from the BrO consumption kinetics, were
corrected for the contribution of the reaction of BrO with NO.
Examples of the corrected pseudo first-order plots obtained at
different temperatures in the reactor are shown in Figure 7. All
the results obtained fork2 at the different temperatures of the
study are reported in Table 5. The temperature dependence of
the rate constant of reaction 2 is also shown in Figure 8. These
data provide the following Arrhenius expression:

where the quoted uncertainties represent 2σ.
b. Mechanistic Study.In the mechanistic study of reaction 2,

a procedure similar to that described above for reaction 1 was
used. The initial reactants, OD and BrO, were formed in a
sequence of reactions conducted in different regions of the main

reactor (Figure 2). In region 1, HBr molecules reacted with an
excess of atomic fluorine to give Br atoms. D2/NO2 mixture
was introduced into the reactor through inlet 4. In reaction zone
(2), F atoms were completely consumed by an excess of D2

and D atoms thus formed reacted with NO2, producing OD
radicals. Finally, in region 3, Br atoms reacted with ozone to
form BrO radicals. The kinetics of OD, BrO, Br, DO2, NO,
NO2, DOBr, and DBr were observed experimentally. A reaction
mechanism used in the simulation of the experimental profiles
is shown in Table 6. The kinetic data for deuterium substituted
radicals OD and DO2 were required for the simulation and are
very scarce in the literature. However, in recent studies from
this laboratory, the kinetic data for the key reactions involved
in the OD+ BrO chemical system were measured: reactions
of DO2 with BrO18 and Br24 and reactions of OD with DBr,25

OD,9 and DO2 [this work]. For all other reactions of OD and
DO2 (which have negligible impact on the fitting procedure),
the known kinetic data for analogous reactions of OH and HO2

were used. The simulation of the experimental runs shows that
this mechanism well represents the chemical processes occurring
in the reactor (see Figure 9a). As in the previous case, the two
parametersk2a andk2b were determined from the best fit to the
experimental kinetics of OD and DBr, respectively. Figure 9b
shows the sensitivity of the simulated profiles of DBr to the
k2b/k2 ratio. All the data obtained fork2a andk2b are presented
in Table 7, along with the concentrations of OD and BrO used.
The initial concentrations of the other species were as follows:
[O3] ) 3.3-9.0× 1014, [Br2] ) 4.3-11.9× 1012, [NO] ) 1.0-

Figure 7. Example of pseudo-first-order plots of BrO consumption in
the reaction with excess OD radicals.

k1b < 1.0× 10-12 cm3 molecule-1 s-1

k1b/k1 < 0.03

k3 ) (1.7( 0.6)× 10-11 exp{(230(

100)/T} cm3 molecule-1 s-1 T ) (230-320) K

TABLE 5: Reaction OD + BrO f Products (2):
Experimental Conditions and Results for the Measurements
of the Reaction Rate Constant

T (K) no/exp.a [OD]0
b source of OD k1

c

320 8 0.6-8.9 F+ D2O 3.4( 0.8
299 9 0.5-8.2 F+ D2O 3.7( 0.9
293 6 0.7-7.3 D+ NO2 3.9( 1.0
273 8 0.7-8.8 F+ D2O 3.6( 0.9
270 8 0.6-7.9 D+ NO2 4.0( 1.0
248 9 0.4-7.9 F+ D2O 4.2( 1.1
230 6 0.6-3.4 D+ NO2 4.7( 1.2

a Number of kinetic runs.b Concentrations are in 1012 molecules
cm-3. c Rate constants are in 10-11 cm3 molecule-1 s-1, and errors are
the conservative 25% uncertainties, including estimated systematic
errors.

Figure 8. Reaction OD + BrO f products (2): temperature
dependence of the reaction rate constant.
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7.1× 1013, and [NO2] ) 0.4-1.5× 1014 molecules cm-3. The
mean value ofk2a ) (3.8 ( 0.8) × 10-11 cm3 molecule-1 s-1

obtained from six experiments is in excellent agreement with
that obtained above more directly:k2 ) (3.7 ( 0.9) × 10-11

cm3 molecule-1 s-1.
The analysis of the kinetic runs of DBr shows that 60-80%

of DBr formed was due to reaction 2b and that the remaining
part resulted from the DO2 + Br reaction

with k35 ) (3.1( 0.6)× 10-13 at T ) 298 K. Another reaction
which could influence the observed kinetics of DBr was reaction
36

with k36 ) (6.5 ( 1.8) × 10-12 cm3 molecule-1 s-1. The
sensitivity analysis has shown that the variation ofk35 in the
limits of the quoted uncertainty led to changes ink2b within
(15%. Variation ofk36 by a factor of 2 led to the modification
of the fitted value ofk2b from -10% to+30%. It is important
to note that the results obtained fork2b are much less sensitive
to the rate constant of the reaction OD+ DBr (i.e., less sensitive
to the absolute level of DBr concentrations) than those fork1b

to the rate constant of the reaction OH+ HBr in the study of
OH + BrO reaction. This is due to (i) much lower concentrations
of DBr than HBr being detected (lower DBr background) and
(ii) the rate constant of the OD+ DBr reaction being lower by
a factor 1.7 than that of the analogous OH+ HBr reaction.
Finally, taking into account the results of the sensitivity analysis
as well as the accuracy of the measurements of the low

concentrations of DBr, we recommend the following value
of k2b at T ) 298 K from this study (rather than an upper limit)

(where uncertainty represent 95% confidence limits and includes
estimated systematic errors). This corresponds to the following

TABLE 6: Measurements of the Rate Constant of the
Reaction OD + BrO f DBr + O2 (2b): Mechanism Used in
the Computer Simulations

reaction arate constant ref

OD + BrO f DBr + O2 k2b, varied
OD + BrO f Br + DO2 k2a, varied
OD + DO2 f D2O + O2 3.8× 10-11 this work
DO2 + BrO f DOBr + O2 1.6× 10-11 18
DO2 + Br f DBr + O2 3.1× 10-13 24
DO2 + NO f OD + NO2

b 8.1× 10-12 1
DO2 + O3 f OD + 2O2

b 2.0× 10-15 1
BrO + NO f Br + NO2 2.1× 10-11 1
BrO + BrO f Br + Br + O2 2.7× 10-12 1
BrO + BrO f Br2 + O2 0.5× 10-12 1
Br + O3 f BrO + O2 1.2× 10-12 1
OD + O3 f DO2 + O2

b 6.8× 10-14 1
OD + DBr f Br + D2O 6.5× 10-12 25
OD + OD f O + D2O 4.4× 10-13 9
O + OD f D + O2

b 3.3× 10-11 1
O + DO2 f OD + O2

b 5.9× 10-11 1
O + BrO f Br + O2 4.1× 10-11 1
O + NO2 f NO + O2 9.7× 10-12 1
D + O3 f OD + O2

b 2.9× 10-11 1
D + NO2 f OD + NO 1.2× 10-10 9
NO + O3 f NO2 + O2 1.8× 10-14 1
BrO + wall f loss 3 s-1 this work
OD + wall f loss 5 s-1 this work
DO2 + wall f loss 5 s-1 this work

a For bimolecular reactions, the units are cm3 molecule-1 s-1; all
rate constants are atT ) 298 K. b For these reactions, the rate constants
of the analogous reactions of OH and HO2 were used.

DO2 + Br f DBr + O2 (35)

k35 ) 4.9× 10-12exp(-310/T) cm3 molecule-1 s-1 [24]

OD + DBr f Br + D2O (36)

k36 ) 5.3× 10-12exp(225/T) cm3 molecule-1 s-1 [25]

Figure 9. Example of experimental (points) and simulated (lines)
kinetics for the species detected in the chemical system used for the
study of the reaction OD+ BrO f DBr + O2 (2b): t ) 0 corresponds
to the first observation point at the top of the reaction zone (see text
for Figure 9,b).

TABLE 7. Measurements of the Rate Constant for the
Reaction OD + BrO f DBr + O2 (2b): Experimental
Conditions and Results

no [OD]a [BrO]a k2a/10-11b k2b/10-13b

1 3.6 10.6 3.1( 0.7 3.1( 0.8
2 6.8 4.1 3.8( 0.6 3.5( 0.3
3 6.9 3.1 3.9( 0.2 3.8( 0.2
4 8.3 4.4 3.9( 0.7 3.0( 0.3
5 8.7 2.3 3.6( 0.2 4.1( 0.2
6 9.5 3.5 4.7( 0.6 4.6( 0.3

a Concentrations are in 1012 molecules cm-3, and the concentrations
represent those measured at the top of the reaction zone (first
observation point).b Rate constants are in cm3 molecule-1 s-1, and the
uncertainties are 95% confidence limits on the fitting procedure.

k2b ) (3.7( 1.8)× 10-13 cm3 molecule-1 s-1
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value of the branching ratio for DBr-forming channel of reaction
2

3. Reaction OD + DO2 f D2O + O2. This reaction has
been investigated as a part of the OD+ BrO reaction study.
Kinetic information on reaction 3 was needed for the simulation
of the experimental data in the mechanistic study of reaction 2,
as this reaction has a direct impact on the kinetics of the two
key species involved in DBr formation and consumption (OD
and DO2).

Reaction of F atoms with excess D2O2/D2O mixture (30%
D2O2 in D2O) was used to form DO2 and OD radicals

Other active species which could be produced in these sources
of the radicals were O and D atoms, resulting from the secondary
reactions

To avoid any complication which could arise from the secondary
chemistry initiated by O and D atoms, we added NO2 into the
reactor ([NO2] ) 0.5-1.0 × 1014 molecules cm-3), which led
to scavenging of the O and D atoms through reactions 27 and
7, respectively. Thus, the reactive species entering the reactor
from the source of the radicals were OD, DO2, NO, NO2, and
D2O2. All these species were detected and quantified by mass
spectrometry. Under the experimental conditions used, an excess
of OD over DO2 was always observed, and the rate constant of
reaction 3 was determined from the kinetics of DO2 consump-
tion. The observed decays of DO2 were due to the following
processes: reaction 3 with OD, reaction 23 with NO, and
heterogeneous loss of DO2 radicals (kw). Therefore, the pseudo-
first-order rate constant determined from the exponential fit to
the experimental kinetics of DO2 consumption wask3′measured

) k3[OD] + k23[NO] + kw. The values ofk3′measuredwere
corrected for the axial and radial diffusion of DO2. The diffusion
coefficient of DO2 in He was calculated from that of O2 in He.20

The corrections were less than 7%. The contribution of reaction
23,k23[NO], could be easily extracted (the concentration of NO
in the reactor was measured, and fork23, the value of the rate
constant for the analogous HO2 + NO reaction was used: 8.1
× 10-13 cm3 molecule-1 s-1 1). The maximum correction on
k3′measureddue to this contribution was 12%. The results thus
obtained fork3′ ) k3[OD] + kw are presented in Figure 10.
The variation of the initial concentration of OD radicals was
achieved by variation of the concentrations of D2O2/D2O and
F atoms. A consumption (up to 50% in a few kinetic runs) of
the excess reactant, OD radicals, was observed. Concentrations
of OD shown in Figure 10 are the mean values of [OD] along
the reaction zone. Linear fit to the experimental data presented
in Figure 10 provides the following value of the rate constant
for OD + DO2 reaction atT ) 298 K:

(where uncertainty represent 95% confidence limits and includes
estimated systematic errors).

The presence of D2O2 in the reactor could lead to the
regeneration of DO2 radicals in reaction 39

However, under the experimental conditions used ([D2O2] ≈
1.0 × 1012 and [DO2]0 ) (0.5-1.0) × 1012 molecules cm-3),
the ratiok39[D2O2]/k3[DO2] was always, 1; i.e., the rate of
DO2 consumption by OD was always much higher than the rate
of its formation in reaction of OD with D2O2. Thus, the possible
impact of this DO2 regeneration on the results of the measure-
ments ofk3 can be neglected considering the uncertainty given
for k3.

The value ofk3 can be compared with that for the analogous
reaction between OH and HO2 radicals: k31 ) (1.1 ( 0.3) ×
10-10 cm3 molecule-1 s-1 at T ) 298 K.1 The isotopic effect is
k31/k3 ≈ 2.9. It is interesting to compare the observed kinetic
isotope effect with that known for the reactions OH+ OH, OH
+ H2O2 and HO2 + HO2

The isotopic effects determined for these reactionssk10/k11 )
3.2 [9],k21/k39 ) 3.3 [34], andk40/k41 ) 2.8 [35] and 3.3 [36]s
are similar to that observed in the present study:k31/k3 ≈ 2.9.

Discussion

Reaction 1 between OH and BrO has been investigated in
only one previous study by Bogan et al.8 These experiments
were also carried out in a discharge flow system with beam-

Figure 10. Reaction OD+ DO2 f products (3): pseudo-first-order
plot of DO2 consumption in reaction with excess OD radicals.

OD + D2O2 f DO2 + D2O (39)

k39 ) (6.0( 1.0)× 10-13 cm3 molecule-1 s-1 atT )
298 K [34].

OH + OH f H2O + O (10)

OD + OD f D2O + O (11)

OH + H2O2 f HO2 + H2O (21)

OD + D2O2 f products (39)

HO2 + HO2 f H2O2 + O2 (40)

DO2 + DO2 f D2O2 + O2 (41)

k2b/k2 ) (1.0( 0.5)× 10-2

F + D2O2 f DO2 + DF (22)

F + D2O f OD + DF (8)

F + OD f O + DF (37)

OD + OD f O + D2O (11)

O + OD f D + O2 (38)

k3 ) (3.8( 0.9)× 10-11 cm3 molecule-1 s-1
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sampling mass spectrometry. The rate constant for reaction 1
was obtained from the numerical simulation of the observed
temporal profiles of BrO. The value found fork1 was (7.5(
4.2)× 10-11 cm3 molecule-1 s-1 at T ) 300 K and 1 Torr total
pressure. This value is higher than that measured in the present
study by a factor of 2, although the two values overlap
considering the relatively high uncertainty range given in ref
8. The reaction between OD and BrO radicals has been
investigated for the first time in the present study. Similar data
were obtained for the rate constants of reactions 1 and 3. A
negligible isotopic effect could be expected for the studied
reactions, since the OH(OD) bond is not involved in the
chemical transformation.

To our knowledge, no experimental mechanistic study of the
OH + BrO reaction has been carried out previously. However,
this reaction has been the subject of a recent theoretical study
of Sumathi and Peyerimhoff.37 HOOBr was found to be the
most stable isomer (33.8 kcal mol-1 below the reactants) of
the adducts which can be formed from the OH and BrO
association. It was also shown that the barrier for the HBr
formation from this adduct is very high (∼39 kcal mol-1 above
the HOOBr intermediate). As a result, the HBr formation in
the reaction OH+ BrO was predicted to be of importance only
at temperatures above 2000 K. This is in disagreement with
the present study where HBr (at least DBr in reaction 2)
formation in reaction 1 was unambiguously observed atT )
298 K.

The atmospheric implications of the present kinetic data can
be briefly discussed. The potential role of the reaction OH+
BrO has already been investigated in two modeling studies,5,6

where it was shown that even with a very low yield of HBr
(1-2%5 and 2-3%6), reaction 1b should be the dominant source
of HBr at altitudes between 20 and 35 km. Moreover, this will
reconcile model calculations with the results of stratospheric
HBr observations.7,38,39In both studies (refs 5 and 6), the rate
constantk1 ) 7.5 × 10-11 cm3 molecule-1 s-1 measured by
Bogan et al.8 was used in the calculations. That means that 1%
yield of HBr corresponded to the partial rate constantk1b ) 7.5
× 10-13 cm3 molecule-1 s-1. This value can be compared with
the experimental value obtained in the present study:k1b <1.0
× 10-12 cm3 molecule-1 s-1. As one can see, the experimental
upper limit for ofk1b does not contradict with that proposed by
Chipperfield et al.5 to account for the difference between the
measured and calculated HBr profiles. A comparison can be
also made with the experimental data obtained for the OD+
BrO reaction. However, in this case, two assumptions should
be made: the branching ratio for HBr formation in OH+ BrO
reaction is independent of temperature and similar to that for
the DBr-forming channel of the reaction OD+ BrO. These
assumptions seem to be reasonable, considering that they hold
for the analogous reactions of ClO radicals with OH and OD.40,41

Thus, the 1% yield of DBr measured in the present work and
the value of the total rate constantk1 ≈ 5 × 10-11 cm3

molecule-1 s-1 (at T ) 220-230 K) givesk1b ≈ 5 × 10-13

cm3 molecule-1 s-1 at altitudes of 20-35 km. This value is
lower than that used in the model calculations (k1b ) 7.5 ×
10-13 cm3 molecule-1 s-1)5 by a factor 1.5, although both values
overlap if the uncertainty of 50% on the branching ratiok2b/k2

is considered. In conclusion, the present work gives an
experimental evidence for the occurrence of HBr formation in
the OH+ BrO reaction. However, the impact of this reaction
on the total HBr budget in the stratosphere seems to be less
important than currently predicted by the models due to (i) a
lower value for the total rate constant than that used in the

calculations and (ii) the value of the branching ratio for HBr
formation (1%), which is the low limit of the range proposed
by the models (1-3%). Finally, it is difficult to make definitive
conclusion from this work if the additional HBr source from
the OH+ BrO reaction, although significant, will be sufficient
to explain the difference between current modeled and observed
stratospheric HBr concentrations, since the uncertainties on the
kinetic data obtained here and the existing numerical simulations
overlap.
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