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Cavity ring-down spectroscopy was used to study the title reaction in 50-200 Torr of O2 diluent at 233-333
K. There was no discernible effect of total pressure, and a rate constant of k(BrO + C2H5O2) ) (3.8 ( 1.7)
× 10-12 cm3 molecule-1 s-1 was determined at 293 K in 150 Torr total pressure of O2 diluent. The addition
of 1.4 × 1017 molecules cm-3 of H2O vapor had no measurable impact on k(BrO + C2H5O2) at 293 K and
150 Torr. The rate constant exhibited a negative temperature dependence and was described by k(BrO +
C2H5O2) ) 6.5 × 10-13 exp((505 ( 570)/T) cm3 molecule-1 s-1. Results are discussed with respect to the
atmospheric chemistry of BrO radicals.

1. Introduction

BrO radicals participate in ozone depletion in the troposphere
and have been detected at levels up to 6.5 ppt at surface sites
in Mace Head in Ireland,1 30 ppt in the Antarctic,2 and 200 ppt
at the Dead Sea.3 Profiles measured during balloon flights at
mid and high latitudes in the Northern Hemisphere indicate that
BrO is present in the free troposphere at levels of approximately
0.5-2.0 ppt.4 Read et al. reported a mean daytime maximum
BrO concentration of about 2.5 ppt over an eight month
observation period at Cape Verde.5 The air mass arriving at Cape
Verde is presumably representative of the surrounding open-
ocean marine boundary layer. Atmospheric ozone is depleted
via reactions 1-3:

von-Glasow et al. reported results of a modeling study indicating
that BrO mixing levels of 0.1-2.0 ppt lead to decreases of zonal
mean ozone mixing ratios of up to 18% over widespread areas
and up to 40% regionally.6 Yang et al. reported that the addition
of bromine chemistry to an atmospheric model led to a 4-6%
reduction in tropospheric ozone in the Northern Hemisphere
and up to 30% reduction in tropospheric ozone in the Southern

Hemisphere.7 BrO radicals have an important impact on
tropospheric ozone levels.

The concentration of organic peroxy radicals (RO2, e.g.,
CH3O2, C2H5O2, etc.) in the troposphere is comparable to that
of HO2 radicals.8-10 Thus, if reaction 4 has a rate constant
comparable to that of reaction 2, k2 ) 2.4 × 10-11 cm3

molecule-1 s-1 at 298 K, reaction 4 would compete with reac-
tion 2.

To improve global atmospheric chemistry models, it is
important to understand the kinetics and mechanism of reaction
4. Our present understanding of the chemistry of reactions of
BrO radicals with organic peroxy radicals is restricted to the
reaction with CH3O2 studied by Aranda et al.11 and Enami et
al.12

The reaction has a rate constant of approximately 6 × 10-12

cm3 molecule-1 s-1 at 298 K11,12 and displays a negative
temperature dependence suggesting that it proceeds via the
formation of a short-lived adduct.12 If the reactivity of CH3O2

is representative of organic peroxy radicals (RO2), then reaction
4 would compete for the available BrO radicals. At the present
time, it is unclear whether reaction 5 provides a representative
model for the more general reaction 4.

To improve our understanding of the atmospheric chemistry
of BrO and peroxy radicals, we have extended our previous
study of the reaction of BrO with CH3O2

12 to the next largest
organic peroxy radical (C2H5O2).
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Br + O3 f BrO + O2 (1)

BrO + HO2 f HOBr + O2 (2)

HOBr + hν f Br + OH (3)

BrO + RO2 f products (4)

BrO + CH3O2 f products (5)

BrO + C2H5O2 f products (6)

J. Phys. Chem. A 2009, 113, 10231–10237 10231

10.1021/jp904529a CCC: $40.75  2009 American Chemical Society
Published on Web 09/01/2009



Possible reaction channels for reaction 6 are listed below with
thermochemical data taken from Guha and Francisco,13 IUPAC14

and NASA/JPL15 (BrOO is thermally unstable and will rapidly
dissociate into Br + O2):

In this paper, we report kinetic data for the reaction of BrO
with C2H5O2 radicals at 233-333 K in 50-200 Torr total
pressure of O2 diluent, with and without added H2O vapor,
measured using a cavity ring-down spectroscopy (CRDS) and
results are compared with ab initio and density functional theory
calculations.

2. Experimental Section

To study the title reaction, C2H5Br was photodissociated at
213 nm to produce C2H5 and Br in the presence of O2/O3

mixtures.

Typical concentrations of O3 and O2 were (2.5-7.0) × 1015

and (0.6-5) × 1018 molecules cm-3, respectively. Br and C2H5

are converted to BrO and C2H5O2 within 1 ms and 1 µs,
respectively. BrO radicals were monitored via their UV absorp-
tion at 329.1 nm using the CRDS apparatus shown in Figure 1.
The system employed a photolysis laser (Spectra Physics, GCR-
250) and a probe laser (Lambda Physik, Dye Laser SCANmate).
The 213 nm output of the Nd3+:YAG laser was used to
dissociate C2H5Br to produce C2H5 and Br. To generate the fifth
harmonic laser light at 213 nm, a temperature controlled BBO
crystal was used to mix the fundamental and the fourth harmonic
from the YAG laser. The typical laser intensity at 213 nm was
3 mJ pulse-1.

After the photolysis laser pulse beam traversed the reaction
cell, the probe laser pulse beam was injected nearly collinear
to the axis of the photolysis laser through one of two high-
reflectivity mirrors. The length of the reaction region was 0.40
( 0.005 m. The cavity ring-down mirrors (Research Electro-
Optics, 7.8 mm diameter, 1 m curvature) had a specified
reflectivity of >0.999 and were mounted 1.04 m apart. Light
leaking from the end mirror was detected by a photomultiplier
tube (Hamamatsu Photonics, R212UH). The temporal decay of
the light intensity was recorded using a digital oscilloscope
(Pico, ADC-212, 12 bit) and transferred to a personal computer.
In the presence of absorbing species, the light intensity within
the cavity is given by:

where I0 and I(t) are light intensities at time 0 and t, τ is the
cavity ring-down time in the presence of the absorbing species,
τ0 (typically 5 µs) is the cavity ring-down time in the absence
of absorbing species, LR is the length of the reaction region
(0.40 m), LC is the cavity length (1.04 m), c is the velocity of
light, and n and σ are the concentration and absorption cross
section of absorbing species, respectively. Each ring-down trace
was digitized with a time resolution of 20 ns. Averages of 32
digitized traces were used to calculate ring-down rates, τ-1.

A value of σBrO ) 1.2 × 10-17 cm2 molecule-1 at 329.1 nm
was used to calculate the absolute concentration of BrO at 298
K.15 The temperature dependence of σBrO at the (9,0) band head
was estimated to be σBrO ) 1.6, 1.5, 1.4, 1.2, 1.1, and 1.0 ×
10-17 cm2 molecule-1 at 233, 253, 273, 293, 313, and 333 K,
respectively, assuming the same temperature dependence as for
the (7, 0) band head.16 This assumption was supported by
spectrum simulations with reported molecular constants and an
appropriate spectrum width caused by predissociation. Consider-
ing uncertainties in σBrO, pressure, mass flow rates, reaction path
length, and fluctuation of the photolysis laser power, we estimate
the uncertainty in the BrO concentration is approximately 23%.

By varying the delay between the photolysis and the probe
laser pulses, the concentration of BrO was monitored as a
function of delay time. The BrO concentration profile was
measured 0.1-20 ms after the photolysis laser pulse. Ozone
concentrations were measured upstream of the reaction tube by
monitoring the absorption at 253.7 nm using a separate low-
pressure Hg lamp as a light source with σO3 ) 1.15 × 10-17

cm2 molecule-1.15 The temperature of the gas flow region was
controlled over the range 233-333 K by circulating ethanol or
water through a jacket surrounding the reaction cell. The
difference between the temperature of the sample gas at
the entrance and that at the exit of the flow region was <1 K.
The pressure in the cell was monitored by an absolute pressure
gauge (Copal, PA830). To minimize deterioration of mirrors
caused by exposure to the reactants and products, a slow flow
of nitrogen gas was introduced at both ends of the ring-down
cavity, close to the mirrors. The total flow rate (typically 2000
sccm) was adjusted so that the gas in the cell was replaced
completely within the 0.5 s time interval between photolysis
laser pulses. Diluted C2H5Br/O2 sample mixtures were prepared
in glass bulbs and introduced into the reaction cell using mass
flow controllers (STEC, SECE40). Concentrations of reactants
were calculated from measured flow rates. All reagents were
obtained from commercial sources. C2H5Br (>99%, Kishida
Chemicals Co) was subjected to freeze-pump-thaw cycling
before use. N2 (>99.999%) and O2 (>99.995%) were used as
received.

Figure 1. Experimental setup.

C2H5Br + hν (213 nm) f C2H5 + Br (13)

C2H5 + O2 + M f C2H5O2 + M (14)

Br + O3 f BrO + O2 (15)

I(t) ) I0 exp(-t/τ) ) I0 exp(-t/τ0 - σncLRt/LC)
(16)
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3. Results

3.1. Measurements of k6. Figure 2a shows a typical BrO
rise and decay profile obtained using a reaction mixture
containing 6.2 × 1015 C2H5Br and 4.6 × 1015 molecules cm-3

O3 in 150 Torr total pressure of O2 diluent at 293 K. Numerical
models were constructed using the chemical mechanism and
rate data given in Table 1 and were run using the IBM chemical
kinetics simulator (CKS). Initial concentrations of [Br]0 )
[C2H5]0 were varied to provide the best fit of experimental BrO
decay profiles. A weighted average of 8 independent experi-
ments in 150 Torr total pressure of O2 diluent at 293 K gave k6

) (3.8 ( 1.7) × 10-12 cm3 molecule-1 s-1. The quoted
uncertainty includes uncertainties in the fit (judged by eye to
encompass the noise on experimental data points; see Figure
2a), [Br]0 and [C2H5]0, pressure, mass flow rates, reaction path
length, and loss of BrO via diffusion and self-reaction. A
sensitivity analysis of temporal changes in the BrO concentration
was performed using the CHEMKIN II kinetics software
package. As shown in Figure 2b, the BrO profile was sensitive
to loss via reaction 6, self-reaction, and diffusion. The IUPAC
data panel17 recommended rate constant for the 2 BrO f 2Br
+ O2 self-reaction of 2.7 × 10-12 cm3 molecule s-1 was used
in the model. As part of our recent study of the BrO + CH3O2

reaction,12 we measured a rate constant of (2.6 ( 0.6) × 10-12

cm3 molecule s-1 for this reaction in good agreement with the
recommended value.

To assess how the decay of BrO radicals might be impacted
by the presence of O atoms formed via photolysis of O3 at 213
nm the initial concentration of O atoms was estimated using
the expression:

Absorption cross sections of σC2H5Br ) 4.5 × 10-19 and σO3

) 9.0 × 10-19cm2 molecule-1 at 213 nm were taken from the
NASA evaluation.15 The initial O atom concentration was
estimated to be (0.3-1.2) × 1012 molecules cm-3. The major
fate of O atoms is reaction with O2 to regenerate O3. A small
fraction (approximately 1% under typical experimental condi-
tions) of O atoms react with C2H5O2 radicals leading to a slight
delay in the rise of BrO radicals. For completeness, reactions
18-21 were added to the model.

Inclusion of these four reactions increased the BrO decay
rate by less than 1%. We conclude that the formation of O atoms
is not a significant complication in the present experiments.

The concentrations of C2H5O2 and BrO radicals were varied
by using different initial concentrations of C2H5Br. Variation
of [C2H5Br]0 over the range (2.5-6.2) × 1015 molecules cm-3

(corresponding to variation of the maximum concentration of
BrO over the range (3.3-10) × 1012 molecules cm-3) had no
discernible effect on the value of k6. Variation of the initial O3

and O2 concentrations over the ranges (2.5-7.0) × 1015 and
(0.6-4.9) × 1018 molecules cm-3 also had no discernible impact
on the value of k6. BrO radicals react slowly, if at all, with O3

27

and this reaction was not included in the model. By using the
chemical mechanism given in Table 1, it was calculated that
reaction with C2H5O2, self-reaction, and diffusion account for
28, 42, and 18% of the loss of BrO radicals at 2 ms; 29, 40 and
21% at 5 ms; and 31, 36 and 24% at 10 ms, respectively.

Rate data for the potentially complicating secondary reactions
Br + C2H5O2, Br + C2H5O, BrO + C2H5O, C2H5O2 + O,
C2H5O2 + C2H5, and C2H5O2 + C2H5O are not available. To
estimate the potential impact of these reactions, we used
literature data for the analogous reactions for CH3O2 (see Table
1). These six reactions were found to contribute less than 1%
to the observed loss of BrO radicals.

The effect of absorption by Br2O (formed in the reaction of
Br with BrO) was assessed and found to be negligible because
its concentration was calculated to be less than 1 × 1010

molecules cm-3 and σ Br2O ) 2 × 10-18 cm2 molecule-1 at 329.1
nm28 while [BrO] ) (0.3 - 1) × 1013 molecules cm-3 and σBrO

) (1.0 - 1.6) × 10-17 cm2 molecule-1 over the experimental
temperature range. Model simulations showed that the formation
of Br2O2 was of negligible importance (even at low tempera-
tures) because of the relatively small rate coefficient for the
BrO radical association-reaction, k(BrO + BrO) ) 5 × 10-13

cm3 molecule-1 s-1 at 222 K in 150 Torr of O2 diluent.19

Vibrationally exited BrO radicals, formed from the reaction
of Br atom with O3, were quenched within 2 µs in 50-200
Torr of N2/O2 diluent29 and are not a complication in the present
analysis. Photodissociation via excitation to the A-band of
C2H5Br produces ground state Br(2P3/2) and spin-orbit excited

Figure 2. (a) Typical BrO profile for an experiment conducted at 293
K and 150 Torr total pressure of O2 diluent with [C2H5Br] ) 6.2 ×
1015, [O3] ) 4.6 × 1015, [Br]0 ) [C2H5]0 ) 9.8 × 1012, and [O]0 ) 1.5
× 1013 molecules cm-3. The thick and thin curves show simulations
using k6 ) (4.1 ( 1.0) × 10-12 cm3 molecule-1 s-1. (b) Sensitivity
analysis with CHEMKIN II for temporal changes of [BrO]; BrO +
C2H5O2 f products (solid line), Br + O3 f BrO + O2 (dashed line),
2 BrO f 2 Br + O2 (dashed and double dotted line) and diffusion
(dashed and dotted line).

[O]0 )
σO3

[O3]

σC2H5Br[C2H5Br]
[C2H5]0 (17)

O + O2 + M f O3 + M (18)

O + C2H5O2 f C2H5O + O2 (19)

C2H5O + O2 f HO2 + CH3CHO (20)

BrO + HO2 f HOBr + O2 (21)
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Br*(2P1/2) atoms. In 50-200 Torr of N2/O2 diluent, Br* atoms
are quenched within 0.3 ms30 to ground state Br atoms which
then react with O3 to give BrO radicals. Br* atoms would also
react directly with O3 to give BrO radicals. The formation of
Br* atoms is not a complication in the present work.

3.2. Pressure Dependence of k6. To check for a pressure
dependence of k6, experiments were performed using 50, 100,
150, and 200 Torr of O2/N2 diluent at 293 K. The maximum
concentration of BrO radicals was (7.0-8.0) × 1012 molecules
cm-3. Diffusion rate constants of BrO used in the simulation at
293 K were calculated using simple diffusion theory to be 15,
30 and 60 s-1 in 200, 100, and 50 Torr, respectively. These
values are consistent with our previously reported values.12,31

Diffusion rate constants for other species (C2H5, Br, O and
C2H5O2) at each pressure were also estimated using simple
diffusion theory and included in the model. Averages of 5-8
independent experiments gave values of k6 ) (4.1 ( 1.9) ×
10-12, (4.2 ( 1.9) × 10-12, (3.8 ( 1.7) × 10-12 and (4.3 (
1.9) × 10-12 cm3 molecule-1 s-1 at 50, 100, 150, and 200 Torr,
respectively. The quoted uncertainties include uncertainties
associated with loss of BrO via self-reaction and diffusion. There
was no discernible effect of total pressure on k6 over the range
investigated.

3.3. Temperature Dependence of k6. Experiments were
conducted at 233-333 K in 150 Torr O2 diluent with maximum
concentrations of BrO in the range (0.6-1.0) × 1013 molecules
cm-3. Diffusion rate constants of BrO used in model calculations
were 14, 16, 18, 22, and 24 s-1 at 233, 253, 273, 313, and 333
K, respectively. These values are also consistent with our
previously reported values.12,31 Diffusion rate constants for other
species were also estimated at each temperature. The temperature
dependence of reactions was accounted for using the literature
sources given in Table 1. Values of k6 determined at 233-333
K are listed in Table 2 and plotted in Figure 3. These values

were derived from weighted averages of 6-8 independent
experiments and an uncertainty of the diffusion and the self-
reaction of BrO. The line through the data in Figure 3 is a
weighted fit of the Arrhenius expression which gives k6 ) 6.5

TABLE 1: Chemical Mechanisms Used to Simulate the BrO Profile at 293 K and 150 Torr Total Pressure of O2 Diluent

rate constant, k293 A E/R
reaction (cm3 molecule-1 s-1 or s-1) (cm3 molecule-1 s-1 or s-1) (T) refs

Br + O3f BrO + O2 1.1 × 10-12 1.7 × 10-11 800 17
C2H5 + O2 + Mf C2H5O2 + M 7.1 × 10-12 a a 15
BrO + C2H5O2f products best-fit parameter 5.1 × 10-13 -571 this work
2BrOf 2Br + O2 2.7 × 10-12 2.7 × 10-12 0 17
f Br2 + O2 5.1 × 10-13 2.9 × 10-14 -840 17

2C2H5O2f 2C2H5O + O2 4.0 × 10-14 4.0 × 10-14 0 18
f C2H5OH + CH3CHO + O2 2.4 × 10-14 2.4 × 10-14 0 18

C2H5O2 + C2H5Of products 1.0 × 10-12 1.0 × 10-12 0 d
C2H5O2 + HO2f products 8.2 × 10-12 3.8 × 10-13 -900 18
C2H5O2 + C2H5f 2C2H5O 2.0 × 10-11 2.0 × 10-11 0 e
C2H5O + O2f HO2 + CH3CHO 9.6 × 10-15 2.4 × 10-14 325 18
C2H5O + BrOf products 5.5 × 10-11 5.5 × 10-11 0 f
Br + BrO + Mf Br2O + M 4.0 × 10-13 7.7 × 10-34 -1370 19
Br + Br2Of Br2 + BrO 4.0 × 10-11 4.0 × 10-11 0 19
Br + C2H5f C2H4 + HBr 1.2 × 10-11 1.2 × 10-11 0 20
Br + C2H5O2f BrO + C2H5O 4.4 × 10-13 4.4 × 10-13 0 g
Br + C2H5Of products 5.3 × 10-11 5.3 × 10-11 0 h
2Br + Mf Br2 + M 2.2 × 10-14 b b 21
HO2 + BrOf HOBr + O2 2.5 × 10-11 4.5 × 10-12 -500 17
HO2 + Brf HBr + O2 1.7 × 10-12 7.7 × 10-12 450 17
O + BrOf Br + O2 4.2 × 10-11 1.9 × 10-11 -230 17
O + O2 + Mf O3 + M 3.2 × 10-15 c c 22
O + O3f 2O2 7.1 × 10-15 8.0 × 10-12 2060 22
O + Br2f BrO + Br 1.5 × 10-11 5.12 × 10-13 -989 19
O + C2H5O2f C2H5O + O2 4.3 × 10-11 4.3 × 10-11 0 i
diffusion rate 20 this work

a k0 ) 1.5 × 10-28(T/300)-3 cm6 molecule-2 s-1, k∞ ) 8.0 × 10-12 cm3 molecule-1 s-1. b 4.31 × 10-33 × (T/298)-2.77 cm6 molecule-2 s-1.
c 6.0 × 10-34 × (T/300)-2.6 cm6 molecule-2 s-1. d Adopted from CH3O2 + CH3O.23 e Adopted from CH3O2 + CH3.23 f Adopted from CH3O +
BrO.24 g Adopted from Br + CH3O2.

25 h Adopted from Br + CH3O.24 i Adopted from O + CH3O2.26

TABLE 2: Values of k(BrO + C2H5O2) Obtained in 150
Torr Total Pressure of O2 Diluent at 233-333 K

temperature (K)
k(BrO + C2H5O2)

(10-12 cm3 molecule-1 s-1)

233 5.5 ( 2.0
253 5.0 ( 1.9
273 4.4 ( 1.9
293 3.8 ( 1.7
313 3.3 ( 1.6
333 2.4 ( 1.6

Figure 3. Temperature dependence of the reaction rate constants for
BrO with the following: HO2, squares;17 CH3O2, open circle,11 filled
circles;12 and C2H5O2, triangles (this work).
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× 10-13 exp((505 ( 570)/T) cm3 molecule-1 s-1. As seen in
Figure 3, the reactivity trend is k(BrO+HO2) > k(BrO+CH3O2)
> k(BrO+C2H5O2).

3.4. Effect of Water Vapor on k6. To investigate the possible
effect of H2O on k6, experiments were performed at 293 K in
150 Torr O2 diluent with 1.4 × 1017 molecules cm-3 of added
water vapor. The average of 5 independent experiments in the
presence of H2O vapor and with including uncertainty in the
diffusion and the self-reaction of BrO gave k6 ) (4.0 ( 1.8) ×
10-12 cm3 molecule-1 s-1. This result is indistinguishable from
that measured in the absence of H2O vapor, k6 ) (3.8 ( 1.7) ×
10-12 cm3 molecule-1 s-1.

3.5. Theoretical Calculations. Ab initio and density func-
tional theory calculations for reactions 5 and 6 were performed
using the Gaussian 03 program.32 Geometries of reactants,
intermediates, transition states, and products were optimized
employing the B3LYP/6-311+G(2df,2p) level of theory. Cal-
culated energy diagrams for reactions 5 and 6 are shown in
Figure 4. As seen from Figure 4, the relative energies of
reactants, adducts, transition states (TS), and products in the
two reactions are essentially indistinguishable. Calculated
frequencies and geometries are listed in Tables SI and SII in
Supporting Information (SI). Total energies were also calculated
at the QCISD(T)/6-311+G(2df,2p) // B3LYP/6-311+G(2df,2p)
level of theory. Intrinsic reaction coordinate (IRC) calculations
were carried out to confirm the connection of the transition states
with intermediates and products. Heats of reaction (∆rH) are
summarized in Tables SIII and SIV in Supporting Information.
Relative energies of adducts, TS, and products calculated here
are similar to those reported by Guha and Francisco.13 Differ-
ences between our values and those of Guha and Francisco13

are shown in Table SI-V and reflect differences in levels of
theory in the two studies.

4. Discussion

4.1. Effect of H2O on k6. The effect of water vapor on
kinetics of the self-reaction of HO2 is well established33-35 and
is explained by the formation of the HO2 ·H2O complex. Kanno
et al. have reported the HO2 + H2O T HO2 ·H2O equilibrium
constant at 297 K and the rate constant for the HO2 + HO2 ·H2O
reaction.36 Butkovskaya et al. have shown that the HO2 ·H2O
complex affects the branching ratio for the reaction of HO2

radicals with NO.37 Clark et al. suggested that RO2 radicals may
form RO2 ·H2O complexes, and that the existence of RO2 ·H2O
might perturb the reactivity of RO2 radicals and consequently

affect their kinetics and product branching ratios.38 Clark et al.
calculated that the binding energy of the C2H5O2 ·H2O complex
is relatively small, 2.5 kcal mol-1, and suggested that RO2 ·H2O
binding energies >5 kcal mol-1 are necessary for such complexes
to have an appreciable role in the atmospheric chemistry.38 The
absence of any discernible impact of the presence of 1.4 × 1017

molecules cm-3 (4.3 Torr) of H2O vapor on k6 at 100 Torr total
pressure in the present work is consistent with the small binding
energy calculated by Clark et al.38 for the C2H5O2 ·H2O complex.

4.2. Comparison with Literature Data and Atmospheric
Implications. Table 3 summarizes available kinetic data for
reactions of ClO, BrO, and IO radicals with HO2, CH3O2, and
C2H5O2 radicals. As seen from Table 3, the reactions have small
or negative temperature dependencies consistent with a reaction
mechanism proceeding via the formation of an intermediate
complex. The rates of the reactions with HO2, CH3O2, and
C2H5O2 increase in the order k(ClO) < k(BrO) < k(IO). The
same trend is evident in self-reaction rate constants of ClO, BrO,
and IO radicals,14 and has been rationalized in terms of
decreasing ionization potentials; 10.9 eV for ClO, 10.5 eV for
BrO, and 9.7 eV for IO.12

The negative temperature dependence of rate constants for
BrO + RO2 (R ) H, CH3, C2H5) has been attributed to a reaction
mechanism which proceeds via the formation of an intermediate
complex:

Guha and Francisco concluded from their theoretical calcula-
tions that the intermediates in the BrO + HO2 reaction are
HOOOBr and HOOBrO.41

There are six possible reaction pathways for the reaction 5:

Thermochemical data for reactions 28 and 29 were taken from
Guha and Francisco.13 ∆Hf(CH2O2) was taken from Aranda et
al.11 Guha and Francisco13 concluded that the most feasible
pathway for the CH3O2 + BrO reaction is formation of the
CH3OOOBr intermediate followed by dissociation into HCHO
+ HOOBr.13

Figure 4. Relative energies for CH3O2 + BrO (left half) and C2H5O2

+ BrO (right half). The energies are calculated at the QCISD(T)/6-
311+G(2df,2p) // B3LYP/6-311+G(2df,2p) level of theory.

BrO + RO2 f adduct f transition state f products
(22)

BrO + HO2 f HOOOBr f TS f HOBr + O2

(23)

BrO + HO2 f HOOBrO f TS f HOBr + O2

(24)

BrO + CH3O2 f CH3OOOBr f four-membered TS f
HCHO + HOOBr (31)
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As with the BrO + CH3O2 reaction, six reaction pathways
are possible for the BrO + C2H5O2 reaction as shown in the
introduction section. In the present theoretical study, we show
(see Figure 4) that essentially the same pathway leading to
aldehyde and HOOBr via the ROOOBr intermediate exists in
the reactions of CH3O2 and C2H5O2 with BrO. Building on the
work by Guha and Francisco13 for CH3O2, we conclude that it
is likely that the reaction of C2H5O2 with BrO proceeds mainly
via:

Rate constants reported here and in our previous study12

describe the kinetics of BrO radicals in the system which include
loss via reaction with RO2 radicals and regeneration via
dissociation of ROOOBr.

The overall loss of BrO is given by

The absence of any discernible effect of total pressure on
k(BrO + C2H5O2) reported here and k(BrO + CH3O2)12 indicates
that dissociation of ROOOBr to RO2 + BrO is negligible. Then,
eq 33 can be modified as

This suggests that the observed rate constant for BrO loss is
determined by the potential energy surface (PES) at the entrance
channel, BrO + RO2 fROOOBr. Differences between rate
constants of reactions 5 and 6 would then reflect differences in
the PES at the entrance channel. We can not compare the
kinetics of reaction 4 to those of reaction 2 in a similar manner,
since it is believed that reaction 2 proceeds via both HOOOBr
and HOOBrO intermediates, which is a different mechanism
from that of reaction 4.

The goal of the present work was to extend the kinetic
database for reactions of BrO radicals with organic peroxy
radicals. Specifically, we wished to address the question of
whether the reactivity of BrO toward CH3O2 radicals is
representative of the reactivity of BrO toward the mixture of
organic peroxy radicals found in the atmosphere. As seen from
Figure 3, over the temperature range studied the reactivity of
BrO radicals toward C2H5O2 radicals is comparable in magnitude

and temperature dependence to, but approximately a factor of
2 lower than, that toward CH3O2. As discussed previously,12

there are relatively few simultaneous measurements of RO2 and
HO2 radicals in, or near, marine environments where BrO radical
levels may be significant. Measurements at Mace Head, Ireland,
on 31st July 1996 of [RO2] by Salisbury et al.8 and [HO2] by
Creasey et al.9 indicate that at local noon the [RO2 + HO2]
concentration is approximately 60 ppt while the HO2 concentra-
tion is approximately 10 ( 5 ppt. The MCM box model study
reported by Sommariva et al. also indicates that the maximum
RO2 concentration is approximately 60 ppt, while the HO2

concentration is approximately 10 ppt.10 Equating k4 with the
average of the values of k5 from Aranda et al.11 and Enami et
al.12 (calculated at 298 K from the Arrhenius expression) and
k6 from the present work (calculated at 298 K from the Arrhenius
expression) gives k4/k2 ) 4.9 × 10-12/2.4 × 10-11 ) 0.2.17

Taking [RO2]/[HO2] ) 3-11 gives k4[RO2]/k2[HO2] ) 0.6-2.2.
It seems clear that reaction with organic peroxy radicals will
be an important loss mechanism for BrO radicals in the
troposphere and should be included in global atmospheric
models of tropospheric ozone chemistry. Further work is needed
to clarify the mechanism and products of reaction 4 and to
establish whether substituted organic peroxy radicals (e.g.,
CH3C(O)O2) react any differently than alkylperoxy radicals.

Conclusions

The rate coefficient for the BrO + C2H5O2 reaction was
measured at 233-333 K in 50-200 Torr of O2 diluent. The
rate coefficient had a negative temperature dependence sug-
gesting that the reaction proceeds via the formation of an
intermediate complex. There was no discernible dependence of
the rate of reaction on total pressure indicating that dissociation
of an intermediate complex to reform reactants BrO and C2H5O2

is negligible over the 50-200 Torr range studied.
The present theoretical result shows that the C2H5O2 + BrO

reaction proceeds via pathways similar to those for the CH3O2

+ BrO reaction; that is, (1) the most plausible pathway for the
C2H5O2 + BrO reaction results in production of CH3CHO and
HOOBr including the formation of C2H5OOOBr as an inter-
mediate complex, and (2) no significant Br reformation occurs.
Calculated energies are also similar to those for CH3O2 + BrO,
suggesting that rate constants for RO2 + BrO reactions are
controlled by the potential energy surface at the entrance channel
to form intermediate species.

Combining the reported tropospheric mixing ratios for HO2

and RO2
8-10 with kinetic data for reactions of BrO with HO2

and RO2 radicals from the present and previous studies10,11,17

indicates that the RO2 + BrO reaction will be significant in the
atmosphere. Such reactions should be included in future global
atmospheric models of tropospheric ozone chemistry.
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TABLE 3: Summary of Rate Constants of XO + RO2

rate constant (cm3 molecule-1 s-1)

XO HO2 CH3O2 C2H5O2

ClO 2.2 × 10-12 exp(340/T),17 2.4 × 10-12 exp(-20/T),39

k298 ) 6.9 × 10-12 k298 ) 2.2 × 10-12

BrO 4.5 × 10-12 exp(500/T),17 4.6 × 10-13 exp(798/T),11 6.5× 10-13 exp(505/T)
k298 ) 2.4 × 10-11 k298 ) 6.7 × 10-12 k298 ) 3.5 × 10-12

IO 1.4 × 10-11 exp(540/T),17 1.3 × 10-10 exp(-168/T),40

k298 ) 8.6 × 10-11 k298 ) 7.4 × 10-11 k298 ) 1.4 × 10-10,40

BrO + C2H5O2 f C2H5OOOBr f four-membered TS f
CH3CHO + HOOBr (32)

BrO + RO2 [\]
ka

k-a

ROOOBr f products (33)

-d[BrO]
dt

) ka[BrO][RO2] - k-a[ROOOBr] (34)

-d[BrO]
dt

≈ ka[BrO][RO2] (35)
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