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Kinetics and Mechanism of the Self-Reaction of the BrO Radical
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A flash photolysis—long path absorption technique was used to measure the rate coefficients for the self-reaction
of BrO at 298 and 220 K over a pressure range of 75-600 Torr of He, N, and SF¢. The rate coefficients were
measured using both a conventional monochromator/photomultiplier (PMT) system and a diode array
spectrometer system. The overall rate coefficient for this reaction was found to be (2.75 % 0.50) X 10-12 ¢m?3
molecule! s-1, independent of pressure at 298 K but dependent on pressure at 220 K, ranging from (2.00 +
0.41) X 10-12at 100 Torr to (3.10 £ 0.30) X 10-!2 cm? molecule~! s-! at 400 Torr. The relative rate coefficients
for the two branches, BrO + BrO — 2Br + O, (1a) and BrO + BrO — Br; + O, (1b), were determined at
298 and 220 K. The branchingratio, k1,/k;, was determined to be 0.84 at 298 K and 0.68 at 220 K, independent
of pressure. An additional absorption feature with a peak absorption at 312 nm was observed at 220 K and
was tentatively attributed to Br,O;. The additional absorption interferes with measurements of ky, using the
monochromator/PMT method; however, use of the diode array spectrometer overcomes this problem. A
mechanism for reaction 1, based on the formation of a short-lived intermediate, is proposed. An upper limit
of 5 X 10-17 cm® molecule~! s~! at 298 K for the reaction BrO + O3 ~— Br + 2 O, was derived from the analysis
of BrO temporal profiles. The atmospheric significance of these findings are discussed.

Introduction

It is now recognized that chlorine, from anthropogenic
compounds, acts as a catalyst in the removal of stratospheric
ozone.! Similarly, bromine, released from marine aerosols and
manmade sources such as fumigants or Halon gases, can also act
as a catalyst in the loss of ozone.2? Bromine, which acts in
conjunction with chlorine, is more efficient than chlorine in
destroying ozone because the majority of it remains as BrO, a
form which is active in destroying ozone. This partitioning of the
majority of bromine into BrO is due to the relative instability of
the possible reservoir forms, HBr and BrONO,, and the
inefficiency of the processes that can produce HBr. This is in
contrast to the case of chiorine where HCl and CIONO, are
abundantinthestratosphere. Interestinthechemistry of bromine
has recently heightened with the observation of rapid depletion
of Antarctic stratospheric ozone during the spring* and the
associated observation of elevated concentrations of C10 and BrO?
over this region. To fully evaluate the role of bromine in the
current and future stratosphere, including the polar regions, many
of the reactions of BrO need to be better defined.

The self-reaction of BrO is one such reaction that requires
further scrutiny. It is believed to proceed via two different
channels:

BrO + BrO—2Br + O, (1a)

—Br,+0, (1b)

with reaction 1a being the major path. The rate constant for the
self-reaction of BrO, k|, has been reported in previous studies;¢-!3
however the agreement between the reported values is poor. The
measured values of k; range from 0.65 X 10-12t0 5.2 X 10-12¢m?
molecule~! s-! (defined by the relation —d[BrO] /d¢ = 2k, [BrO}?).
Therelative rates of the two channels have been directly measured
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only by Sander and Watson.!? They reported a branching ratio
of 0.84 at 298 K, in good agreement with that derived from the
bromine photosensitized decomposition of Qs.14

The previous studies have shown that k, is nearly temperature
independent; however, the temperature dependence of the
individual pathways, (1a) and (1b), is less certain. There has
been only one measurement!? of the temperature dependence of
the rate coefficient k;,. Based on the available data, it appears
that reaction 1 does not play a major role in the chemistry of the
stratosphere. Yet, because it is analogous to the important C1O
+ ClO and CIO + BrO reactions, further studies of reaction 1
may help unravel the mechanisms of these two halogen oxide
reactions.

The present study was undertaken to obtain kinetic and
mechanistic information on reaction 1. The flash photolysis—
long path absorption (FPLA) technique was used to directly
measure k, and the branching ratio, kia/ (k15 + k1), at 298 and
220 K. A few experiments were also carried out at 260 K.
Measurements were made using both a conventional single-
wavelength method and a technique which uses a diode array
spectrometer which enables simultaneous absorption measure-
ments over a range of wavelengths. The use of diode array
spectrometry in kinetic measurements will be discussed. Evidence
for a new absorbing species is presented, and a possible reaction
mechanism is discussed. During the course of this work, we
became aware of the works by Turnipseed et al.!s who measured
k; as a function of temperature and kp/k; at 298 K and Lancar
et al.16 who measured k; and k;p at 298 K.

Experimental Section

The self-reaction of BrO, reaction 1, was studied using the
pulsed photolysis—kinetic spectroscopy technique. We have made
many modifications to the original technique. These modifications
enabled us to study short-lived intermediates, such as the one in
reaction 1. It also enhances the quality of the kinetics data. This
apparatus has been in use in our laboratory since 1986. Reaction
1 was the first one studied using this apparatus. Since then, it
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Figure 1. Schematic diagram of the experimental apparatus.

has been used in many different studies in our laboratory. Yet,
the apparatus and data acquisition methods have not been fully
described in the previous publications. To minimize duplication
of the description in later papers, the apparatus, the procedures,
and theadvantages and limitations of this method will be described
here. Most of the specifics of the study of reaction 1 will be given
later in this section.

Our technique involves pulsed production of free radicals on
a time scale that is short compared to its subsequent reaction (the
process of interest) and measurement of their concentration
temporal profile using UV /visible absorption. Our system is
essentially the same as that developed by Porter and Norrish!?
with the incorporation of many of the technological developments
of the past four decades. The advent of better electronics and
faster computers allows signal averaging and numerical analysis,
increases the speed and ease of data acquisition, and consequently
enhances the detection sensitivity. The use of a continuous probe
source, which is spectrally and intensity-wise more stable in time
than the pulsed lamp used in the original experiments of Porter
and Norrish, leads to better reproducibility. The lower intensity
continuous lamp can be used because of the much higher sensitivity
of the PMT and the diode array. Porter and Norrish’s original
detection system used photographic plates attached to a spec-
trograph which allowed simultaneous absorption measurements
over a range of wavelengths. The darkening of these plates was
not linear in light intensity and hence required calibration.
Furthermore, the dynamic range of the photographic plates for
light intensity measurements was low. Therefore, since its
introduction, the FPLA method has been primarily used with the
more versatile photomultiplier tube (PMT) as a detector to
measure absorbanceat discrete wavelengths as a function of time.
QOur system is also configured to use a conventional monochro-
mator/PMT detector, but more importantly, it can also use a
photodiode array coupled to a spectrograph. The use of a diode
array/spectrograph allows, as in the original experiments of
Norrish and Porter, simultaneous absorption measurements over
a range of wavelengths.

The apparatus used in this experiment is shown in Figure 1.
A home-built Xe flash lamp surrounded the central 55 cm of a
jacketed quartz absorption cell (i.d. = 2.25 cm, / = 92.8 cm)
fitted with Surprasil windows. The cell was cooled by passing
methanol from a temperature-regulated bath through its outer
jacket. To prevent condensation of moisture on the absorption
cell, the annulus between the cell and the flash lamp was flushed
with dry Na.
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The flash lamp consisted of two tungsten electrodes at opposite
ends of the sealed annular region between concentric quartz tubes.
The annulus was evacuated and filled with xenon. The flash was
generated by discharging a low-inductance capacitor across the
electrodes through ~ 16 Torr of xenon to produce flash energies
of 60-312 J. The rise time of the flash (i.e., the time between
triggering the spark gap and maximum intensity of the flash)
was measured to be 40 us with a jitter of ~3 us. The duration
of the flash (the width at half-maximum intensity) was measured
tobe 75 usand did not vary appreciably with flash energy. Greater
than 99% of the light was produced in less than 225 us.

In addition to producing the desired UV /visible radiation used
in the experiment, each flash also produced a large unwanted
pulse of RF (radio frequency) radiation. This RF pulse was
“picked-up” by the electronics used in the detection systems,
resulting in a large spurious signal and the degradation of real
signal. Therefore, the flash lamp and absorption cell were placed
in a Faraday cage (a grounded copper lined box). All cables to
the electronics were shielded, and the chassis of all equipment,
as well as the optical table on which the equipment was housed,
were earth grounded to a real earth ground in the floor of the
laboratory. This arrangement reduced the amount of noise due
to RF pickup to undetectable levels.

The probe beam from a D, or quartz halogen lamp was
collimated and passed axially through the cell. Light exiting the
cell was directed by a removable mirror to either a 0.25-m
monochromator fitted with a PMT or a 0.28-m spectrometer
fitted with a 1024-element diode array.

The monochromator, equipped with a 1200 grooves mm-™!
grating, was used with 100-um slits and had a nominal resolution
of 0.2 nm measured using the full width at half-maximum, fwhm,
of the 253.7-nm emission line from a mercury pen ray lamp. The
output of the PMT, a small transient signal superimposed on a
large dc level, was amplified, and most of the dc offset was
removed. The resulting signal was digitized by a 10-bit multi-
channel signal averager. By removing the measured dc offset,
the digital resolution of the transient portion of the signal (the
part which contains the information on the temporal variation of
[BrO]) was greatly improved. For a typical monochromator/
PMT measurement, the monochromator was tuned to the
wavelength of interest, the signal averager was pretriggered (to
record 100 channels of data prior to the photolysis pulse), the
flash lamp was fired, and the intensity of the D, lamp passing
through the cell was recorded. Signal profiles from 25 to 100
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pulses with typical sampling intervals (dwell times) of 50-250 us
were coadded and transferred to a microcomputer for analysis.

The spectrometer was fitted with a 600 groove mm-! grating
which images the wavelength region of 220-370 nm onto the
diodearray. Thus the (A < X) band system of BrO, the Hartley
bands of O,, and a portion of the Br, absorption feature could
besimultaneously observed. These compounds are the important
reactantsin thissystem. The wavelengthscale of the spectrometer
was calibrated using the known atomic emission lines from a
mercury pen ray lamp using a 10-um slit. Since the light flux
out of the D, lamp is rather low, a larger 50-um slit was used to
increase the light throughput of the spectrometer and thus improve
the signal to noise ratio for kinetic measurements. The slightly
lower resolution (0.6 nm fwhm) does not significantly degrade
the structured absorption features of BrO.

The detailed description of the principle of operation—the
development, control, and timing of a photodiode array—is given
elsewhere;!® therefore only a brief summary is given here. The
circuitry of the diode array is designed such that exposing the
diode to light discharges a capacitor connected to that diode; the
extent of the discharge is proportional to the number of photons
incident on the photodiode. At the end of the exposure, the
capacitor is recharged to the original voltage and the required
charge is related to the number of photons impinging on the
diode during the exposure. The replenishing charge is converted
to a voltage which is digitized. This process of exposure,
recharging, and digitization is repeated for each of the 1024 diodes
in the array using a commercial controller and constitutes an
exposure. The time taken for this entire procedure is referred to
as the exposure time, ET.

The collection of the measured number of photons on each of
the 1024 diodes of the array is referred to as a spectrum. This
spectrum has contributions from the light impinging on the diodes,
thermal electrons (dark current), and a signal introduced by the
actofreadingthearray. Thedarkcurrent was reduced by cooling
the array to 233 K. The dark current, which is proportional to
the time between readings, was measured and subtracted from
each spectrum obtained with light incident on the array. This
subtraction process also removed the reproducible signal intro-
duced by the act of reading the array.

To increase the time resolution of the diode array (minimum
exposure time 16.67 ms) in kinetic measurements, a mechanical
shutter was placed at the entrance of the spectrometer where the
probe beam was focused to a small diameter (~0.5 mm). The
opening time of the shutter (i.e., the time between the shutter
being triggered and being fully open) was measured to be 1.2 ms
and the closing time determined to be 1.4 ms. In the present
experiment, a gate pulse 4.0 ms wide was applied to the shutter.
This resulted in a temporal profile of exposure which was not
quite a square wave but one which had rise and fall times of ~0.7
ms. This resulted in an exposure duration of 4.3 ms (measured
using the width of this wave form at half of the maximum intensity)
and a total exposure time of 5.5 ms. Theabove shutter parameters
were measured using a photodiode placed at the entrance of the
spectrometer and represent the waveform seen by the diode array.

For kinetic measurements, the shutter was opened during an
exposure of the array before the photolysis pulse and a prepho-
tolysis spectrum was recorded. The flash lamp was then fired,
and successive exposures of the array were recorded with the
shutter opening during each exposure. The time between spectra
was determined by the exposure time of the array (typically 25—
30 ms) while the time resolution of each exposure was determined
by the width of the shutter gate (typically 5.3 ms). Typically 25
spectra obtained under identical conditions were coadded to
improve the signal to noise and transferred to a microcomputer
for analysis. The lifetime of the BrO radical in our experiments
was such that only five exposures of the array could be made
before the reaction went to ~95% completion. To
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obtain data at more reaction times, different photolysis series
were run where the delay of the first shutter opening relative to
the photolysis pulse was varied. By this method, spectra
corresponding to many different reaction times were obtained.

In all experiments BrO was produced by the pulsed broad
band flash photolysis of a mixture of Br;, O3, and a buffer gas.

Br, + hv — 2Br ' ?))
Br+0,—~BrO+0, 3)

The Br atoms produced by the photolysis flash rapidly react with
O3, producing BrO via reaction 3. On a longer time scale, BrO
is lost via reaction 1. By monitoring the concentration of BrO
as a function of time, kinetic information about reaction 1 was
obtained. It should be noted that the possible reaction of BrO
with Os is very slow and occurs, if at all, on a much longer time
scale; therefore, in our experiments, BrO was lost only through
reaction 1. The derived upper limit for the rate coefficient for
the reaction of BrO with O will be discussed later.

A pyrex sieeve was inserted between the flash lamp and the
reaction cell to suppress photolysis of O;. This sleeve allowed
only light of wavelength greater than 300 nm to reach the reactor.
Even if a small fraction of O3 were photolyzed, the resulting O
atom would rapidly react with Br; to produce BrO via the scheme:

O; + hv(>300 nm) = O, + O ('D or °P) 4)
O ('D or °P) + Br,— BrO + Br %)

The Br atom produced in reaction 5 would further react with O
to produce BrO via reaction 3. The net result is identical to that
of Br; photolysis. In our system, however, a detectable amount
of O; was not lost when only O; and He/N, were photolyzed,
which for our detection sensitivity (0.0005 AU) corresponds to
a maximum loss of 6 X 10!! molecule cm=3 of Qj3; this amount
corresponds to ~0.5% of the initial concentrations of BrO used
in this study.

Extraction of the kinetic data from the measured diode array
spectra requires reference absorption spectra of all absorbing
species present in the reactor. The absorption spectra of Br, and
O; were obtained by measuring spectra with and without the
respective species in the cell. The reference absorption spectrum
of BrO was obtained by using the photolysis reactor as a flow
tube with a gas flow rate of ~1200 cm s~! at ~2 Torr using the
following reaction scheme:

Br, + uwave — 2Br (6)

Br+O0,—BrO+ 0, 3)

Under these flow conditions approximately 1.5 X 10!3 molecule
cm~ could be maintained in the absorption cell. Thisisanaverage
[BrO] since its self-reaction produces a concentration gradient
from one end of the cell to the other. These spectra were then
converted to cross-section values by using the published absorption
cross sections at specific wavelengths.!9

The following stable gases were used as supplied by the vendor
and had the following stated minimum purities: He, 99.9998%;
N3, 99.999%; O, 99.998%; SF¢, 99.9%. The Br; (stated purity
99.99%) was degassed several times using freeze—pump—thaw
cycles and then stored in a glass trap at 273 K. Ozone was
prepared by passing UHP O, through a commercial ozonizer and
then stored on silica gel at 197 K. Before use, most of the O,
present in the Oj trap was flushed out.

All gases, except Br, and O3, were introduced via calibrated
mass flow meters. Both Br, and O; were eluted from their cold
traps by a small flow of buffer gas. The cell pressure was measured
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using a capacitance manometer. The concentrations of Br; and
O; were determined by their UV /visible absorption using the
diode array spectrometer. Kinetic measurements were made
under moderate flow (~12 cm s-!) conditions to ensure that a
fresh gas mixture was photolyzed by each flash; yet, the sample
of gas photolyzed remained essentially stationary during mea-
surements.

Data Analysis

The analysis of data obtained using the monochromator system
at specific wavelengths is straightforward and has been carried
out by various investigators (for example, see ref 12). Briefly,
Iy, the measured intensity of the light transmitted through the
reactor before the production of the absorber (free radicals), and
I, that measured after the generation of the absorber at various
reaction times, are measured. The concentration of the species
asa function of time is calculated using the Beer~Lambert relation:

A= —ln(%) = [x]o, ] 0y}
0

where [x] is the concentration of the absorber, oy, is the cross
section of x at wavelength A, and / is the pathlength.

The analysis of data obtained using the diode array spectrometer
is similar to that using the monochromator. Each diode in the
array measures light at one wavelength (with a resolution of
~0.6 nm in the current experiments). As in the case of the
single-wavelength experiments, I, from each diode is measured
prior to the production of the absorber. Again, I, from each
diode is measured at time ¢ after the generation of the absorber.
Division of these values, diode by diode, generates 1024 absor-
bances representative of these wavelengths and constitutes a
spectrum. This spectrum is a composite of the changes in
absorbances due to species created or lost because of photolysis
and subsequent reactions.

The basic algorithm for the analysis of kinetic data taken with
the diode array spectrometer is the same as that for the
monochromator/PMT data. Instead of a single absorbance, as
in the case of the single-wavelength experiments, an absorbance
spectrum (i.e., absorbances at a large number of wavelengths)
is calculated for each reaction time. These absorbance spectra
are then used in a numerical routine to calculate the concentrations
of the individual components in each spectrum (i.e., at each time)
relative to that prior to photolysis.

The measured composite spectrum can be decomposed into
individual components using the reference spectrum for each
absorber in the reactor which was measured in the same apparatus
at the same temperature. One of the methods used to separate
the observed composite spectrum into the individual components
is the singular value decomposition (SVD)2? algorithm. This
algorithm is briefly described below.

The measured absorbance at any wavelength in the spectrum
is the sum of the absorbances of individual components:

A= Q_onlX)! (10

Mathematically, each spectrum may be regarded as an overde-
termined system of equations which may be expressed as

Ax =5 (IID)

where A is 2 matrix with columns o,/ of the individual absorbers,
i; X is a vector containing the concentrations of each species, x;
(which are to be determined); and % is a vector containing the
experimentally measured A4,. The solution of eq III (i.e., the
values of x;) was obtained numerically by the method of SVD,

Ideally, the SVD technique should precisely determine the
concentrations of all species in the composite experimental
spectrum for a system such as ours which has only a few absorbers.

Mauldin et al.

In practice, however, noise in the experimental spectra and
correlation in spectral features of the individual absorbers limit
the precision of x;. The noise in the experimental spectra reduces
the orthogonality (uniqueness) of the component spectra. Any
correlation in the spectra of the components also reduces the
orthogonality. The errors due to correlated reference spectra are
reduced by restricting the SVD calculation to the wavelength
region of minimum correlation (i.e., most orthogonal). Errors
arising from base line fluctuations are reduced by the use of
differential absorption spectra (spectra in which a constant and
a slope have been removed leaving a residual spectrum centered
about zero absorbance) as the reference in the SVD routine.

Overall, the determination of concentrations using the diode
array is more precise and accurate than the single-wavelength
method. The increase in precision comes from measurements at
many wavelengths simultaneously. The increase in accuracy
results from the use of spectral features that are characteristic
of a species and which enable discrimination from contributions
tothe measured absorption by species other than the one of interest.
As shown later, these advantages are exemplified in this study
by the ability to measure the loss of BrO even when a product
which absorbs in the same wavelength region is produced.

The loss of BrO in our system is due to reaction 1b, and its rate
is given by

d[BrO]
de

The possible loss of BrO via its reaction with O; is too slow to
be important. The solution of differential eq IV yields

1 ___1
[BrO], [BrO],

Therefore, a plot of 1/{BrO], as a function of time should be
linear, with a slope of 2k and an intercept of 1/[BrQO]Jo. In the
present study, the concentrations of BrO were obtained from
both the monochromator/PMT system and the diode array
spectrometer.

Single-Wavelength (Monochromator/PMT) Data. Incorpo-
ration of eq I into V yields

i = L -+ &l_t.’) t

A, A, ol
According to eq VI, a plot of 1/A4, vs reaction time, ¢, should be
linear with a slope of 2k;y/(o!) and an intercept of 1/A4,. This
analysis is correct only if BrO is the sole absorber at the monitored
wavelength. A plot of the absorption cross sections vs wavelength
for the known species involved in this study is shown in Figure
2. In the wavelength range of 300-350 nm BrO is the major
known absorber; therefore, eq VI should be valid for absorbances
of BrO measured in this region. Indeed, as shown in Figure 3,
¢q Vlis obeyed. It will beshown infollowing sections, that under
certain conditions, another species is produced which does absorb
substantially in this region invalidating eq VI under these
conditions.

Calculation of k1, from the slope of a second-order piot requires
the op;0 value. Asseen in Figure 2, BrO has a highly structured
absorption, which is due to a vibrational progression with the
underlying rotational congestion. The cross section for each band
is dependent on the temperature and wavelength resolution of
the instrument. Wahner et al.'% have measured the BrO cross
section as a function of wavelength and temperature. For the
338.5-nm peak they measured the absolute absorption cross
sections using a monochromator/PMT system. We chose our
resolution (0.2 nm) to be the same as that used by Wahner et al.;
therefore we can use their values of the BrO cross section at 338.5
nm. Values of the BrO cross section at 338.5 nm used in this

= -2k, [BrO]? (Iv)

+ 2kt V)

(V)
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Figure 2. UV absorption spectra of O3, BrO, and Br; taken with the

diode array. The distinctive structure of the BrO spectrum allows the
molecule to be easily identified in the presence of other absorbers.
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Figure 3. (a) Typical transmitted intensity vs time data taken with the
monochromator/PMT detection system. The horizontal dashed line
indicates the preflash intensity which is taken as fo. The vertical dashed
line indicates the flash photolysis pulse initiating the reaction. BrO is
produced very quickly and attenuates the light. As the reaction proceeds,
the intensity increases indicating the removal of BrO. (b) Second-order
plot of 1/A, vs time of the data in Figure 3a. Linearity indicates that
the removal of BrO is a second-order process.
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study are 1.71X10-17 and 2.21X10-17 cm?molecule! at 298 and
220 K, respectively.

A typical trace of transmitted light intensity vs time measured
using the monochromator/PMT detector is shown in Figure 3a.
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Figure 4. (a) Absorption spectra taken at various reaction times with the
diode array spectrometer detection system. The spectra have been offset
by 0.06 AU for visual clarity. As can be seen, BrO decays in time as
indicated by its distinctive structured absorption in the 300-350-nm region.
The negative absorption feature, which increases in time, is due to the
loss of O3 from the production of BrO from reaction 3, from Br produced
by the flash, and from the Br produced by reaction 1a. The inset shows
the same spectra after the absorptions due to BrO and O; have been
removed via SVD analysis. The spectra have been offset by 0.02 AU for
visual clarity. It can clearly be seen that the contributions from both
have been completely removed and that there is no other species present
which absorbs in this region. (b) Second-order decay plot of 1/[BrOj;
vs time from data obtained with the diode array spectrometer. The [BrO],
data were obtained from SVD analysis of the original spectra.

The absorbance as a function of time is calculated by using eq
Iand the average preflash (1y) and postflash (/;) intensities. These
intensities were converted into absorbances, 4;. A plot of 1/4,
vs time is shown in Figure 3b. The linearity of the plot shows
that eq VI is obeyed. The values of k;;, were obtained from the
slopes of plots such as the one shown in Figure 3b using eq VI.

Diode Array Spectrometer Data. Typical absorption spectra
obtained after the photolysis of a mixture of Br,, O;, and a buffer
gas at 298 K are shown in Figure 4a. These composite spectra
were obtained by measuring a spectrum of light transmitted
through the reactor before the production of BrO radicals (Jp),
as explained earlier, and after the generation of the species (7).
Equation II was used with this data as described above.
Absorbance spectra calculated in this manner reflect changes in
the concentrations (from before the flash) of species which absorb
inthis wavelength region. Therefore species whicharelost appear
as negative absorptions and species which are produced appear
as positive absorptions. From Figure 4a, it can be seen that BrO
has been produced (from the characteristic structure of its
absorption feature) and that O; has been lost (from the large
negative absorption in the O; absorption region), consistent with
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the production of BrO from reaction 3. As the reaction proceeds,
the [BrO] decreases as does the [O;] (the reasons for which are
described in the Branching Ratio section). During the course of
this reaction, Br; is produced. However, because the Br;
absorption cross sections are small (see Figure 2), production of
Br, is not detected.

By using the SVD technique, the [BrO]; was determined from
the experimental spectra. Figure4a alsoshowsthe residualspectra
(in the wavelength range of 295-360 nm) after the SVD routine
has removed the contribution of BrO to the measured experimental
spectra. Itisclear from thelack of structure that the contribution
of BrO to the measured absorption has been completely removed.
The negligibly smail value of the residual shows the absence of
any species that can absorb in this region.

With the [BrO], known, the kinetic analysis of the diode array
datais analogous to that of the single-wavelength determinations.
A plot of 1/[BrO]; vs time was made and the slope and intercept
were calculated. One such plot is shown in Figure 4b. Clearly
the BrO decay obeys eq V. The value of k;, was calculated from
theslope. The calculated rate coefficient is directly proportional
to the value of the BrO absorption cross section used. Wahner
et al.!? have reported the cross section of the 338.5-nm peak as
a function of instrument resolution at 298 K. We used this data
to calculate the cross section at the resolution of our diode array
spectrometer. The cross sections at 220 K were obtained by
measuring second-order decays, under identical conditions, using
both the monochromator/PMT and diode array detectors. The
diode array cross sections were calculated from the {BrO],
obtained using the monochromator. Therefore, the cross-section
values used for the diode array spectrometer are also derived
from the single-wavelength measurements of Wahner et al.
Consequently, the accuracy of our rate coefficients are dependent
upon the accuracy of the UV absorption cross sections of BrO
measured by Wahner et al. Of course, the relative rate coefficients
as a function of pressure are not affected by the accuracy of
Wahner et al.’s data.

Rate coefficients measured using the diode array need to be
corrected for the finite width of the shutter gate. The [BrO]
assigned to reaction time ¢ is the [BrO] which is integrated over
the time of the observation (shutter gate width) which is not
completely negligible compared to the half-life of BrO in the very
early part of the decay. This averaging is incorrect because the
[BrO] measured does not correspond to [BrO] present at the
average time of the measurement (the center of the shutter gate).
In the present case where BrO loss follows a second-order rate
law, we can correct the obtained data to take into account the
changing [BrO] over the duration of the exposure. Typically
this correction was of the order of 5-10% for the first half-life
(10-20 ms) and was negligible after ~40 ms.

Branching Ratio. When Qj is present in excess over the [Brlo,
BrO is lost only due to reaction 1b and O, will undergo a chain
decomposition, the extent of which is determined by the ratio of
the rate coefficients for the chain-terminating (reaction 1b) and
propagating (reaction 1a) steps. Assuming steady state in [Br]
(valid when O; is present in large excess compared to [Brlo)
Sander and Watson!? have shown that

A[O;], = [04],00 - [O5), =

2kh[BrO]02( ¢

1+ 2k1b[Br0]0t) (VID

Where A[O;], is the change in ozone concentration at reaction
time ¢ from that after the production of BrO. Ast— =, eq VII
reduces to

A[O,). = %;:[BrO]o (VIII)

where A[O;)’- is the change in the concentration of ozone due
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to the reaction of BrO via reaction 1a followed by regeneration
of BrO via reaction 3. A[Q;]’. is related to the branching ratio,
S (=kia/k1), by the equation

A[O,). = T_Lf[BrO]o (IX)

We do not measure the concentration of O, immediately after
the production of BrO but only after reaction 1a has started.
Therefore the measured change in O3 concentration at any reaction
time ¢ is relative to taht when no BrO is generated. Since the
production of each BrO consumes one O3, we measure A[Os].
which is equal to A[O3])’- + [BrO],. It can be shown that

A[O3]. = T={BrO), (X)

Thus a plot of A[O3]. vs [BrO], should be linear with a slope of
1/(1 - f). Alternatively, eq VII can be rearranged to obtain

1 ky + 1 (1) XI)

AlO,], k.[BrO], ' 2k, [BrO]A\!
Therefore a plot of 1/A[O;], vs 1/t should also be linear with a

1
slope = ————
P 2k,,[BrO],?
and
intercept = ——k“’
kla[Bro]O

By knowing the value of k;, and the [BrO]y, the values of the
branching ratio and k;, can be calculated from the slope and
intercept of such a plot.

Results and Discussions

The kinetic parameters measured in this study were k;, and
the branching ratio, k,/k;. The overall rate coefficient k, was
not measured but calculated from k and kj/k;. A previously
unobserved dependence of kp on pressure was seen during this
study. Inaddition, we detected formation of a transient absorber,
hitherto unseen, in reaction 1. These observations and mea-
surements, along with comparison of our data with those from
previous studies, are given below. Theimplications of our findings
to the mechanism of reaction 1 and to the bromine chemistry of
the atmosphere are also discussed.

298 K Results. Measurements of k;y, and the branching ratio
were carried out using He as a buffer with excess O;. The [03]
was at least 10 times that of [BrOJ,. Kinetic data was obtained
using both the monochromator/PMT and diode array detection
systems. The branching ratio was measured using only the diode
array system. Figure 3bshows a plot of 1/4, vs ¢ obtained using
the monochromator/PMT detector. Typically, these plots were
linear for at least an order of magnitude change in absorbance
showing that the loss of BrO was indeed a second-order process.
The measured values of k3 in 70—600 Torr of He at 298 K are
shown in Table I. A plot of the average value of k;, at each
pressure vs pressure is shown in Figure 5a. It can be seen that,
within the error of the determinations, k;, does not change with
pressure over the range of pressures used. However, a slight
increase in k), with pressure cannot be ruled out.

Experiments using the diode array detector were carried out
under conditions identical to those of the single-wavelength
determinations. As pointed out later, there are some advantages
in using the diode array system. Measurements using these two
methods allow us to compare the obtained rate coefficients and,
hopefully, minimize systematic errors. A plot of 1/[BrO]; vs ¢
from the data obtained using the diode array spectrometer is
shown in Figure 4b. In all cases the plots were linear for over
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TABLE I: Values of ky, Obtained from Single-Wavelength
and Diode Array Measurements in He*

single A diode array
pressure [BrOJo ki [BrO]Jo kib
298 Kb
74.0 328+£080 4449023 244%040 4.52 £ 0.32
76.9 16.8 £ 0.40 431£0.39 14.090.20 4.25 £ 0.26
77.1 27.0%1.0 436036 202£1.0 395+ 0.16
(76.0) (4.37 £0.13) (4.24 £0.56)
200.3 10.1 £0.5 414£0.18 8.66%06 4.50 + 0.14
200.6 14.1 £0.2 3.8300.07 13.1£03 4.23 & 0.08
202.4 11.2£0.2 406 £0.06 10.3%0.9 446+ 0.14
205.2 28.7%£1.0 4988031 20.1%1.1 424 £0.18
207.8 17.6 £0.9 486+£090 135=%1.1 4319032
208.0 31.0£0.5 424+0.13 225905 4,18 £0.30
210.8 26.4 £ 0.6 430%£0.16 19.2%0.5 43290.23
211.4 21.280.5 448 £036 14.8%09 4.1290.51
215.6 17.6 £0.7 482%£053 142%£0.2 4.62£0.12
{206.9) {4.3990.78) (4.33 £0.32)
292.3 13.6£0.5 391042 11.7£05 4,79 £ 0.35
296.5 16.8 £ 0.6 4.14+034 142807 4.90 = 0.31
307.8 324906 423+0.10 6.61 #0.16 483 %0.17
308.6 74781.1 4.24 % 0.08 6.82£0.11 487 x0.13
309.2 595009 428£0.10 537£0.12 5.19 £ 0.28
314.6 969£006 476045 840%0.11 480%0.11
(304.8) {4.26 £ 0.54) (4.90 £ 0.30)
603.9 19.7£0.2 523+£041 156%0.5 4.58 & 0.40
average of all 4.40£0.73 4.51 £ 0.65
pressures
220 K¢

73.9 8.94 6.76 8.84 6.10
74.9 13.0 5.78 13.5 5.53
(74.4) (6.3+14) (5.8 £0.80)
101.7 9.06 6.82 8.88 7.04
102.4 12,6 5.66 12.6 6.03
(102.0) (6.2% 1.6) (6.5x1.4)
202.1 10.3 8.36 10.7 8.08
202.2 16.8 7.55 15.9 7.27
203.8 6.32 9.17 7.11 8.69
203.8 13.0 7.93 13.0 1.76
204.1 19.8 7.15 19.3 7.22
204.3 10.4 8.21 11.1 8.16
204.7 19.6 7.14 16.7 7.7
204.9 6.64 8.41 6.64 9.14
207.4 11.3 7.79 10.1 8.16
(204.1) (8.0+1.3) (80%£1.2)
308.5 10.7 9.20 10.3 9.29
310.1 18.6 8.79 17.3 8.61
{309.3) (9.0 £2.0) (8.90 = 0.90)
354.6 11.4 10.2 104 9.90
357.8 17.8 9.59 15.4 9.14
(356.2) (9.9 £0.84) (9.5%0.76)
409.1 14.8 9.85 12.6 10.4
411.8 14.8 9.28 13.1 10.1
(410.4) (9.6 #0.80) (10.2 £ 0.80)
552.1 10.6 13.0 8.39 11.6

@ Units: pressure in Torr, [BrO]y in 10! molecule cm=3, and ki in
10-13 ¢cm3 molecule-! s-1. ¢ Errors in [BrO]o are twice the standard
deviation of the intercept obtained from a linear least squares fit to the
second-order decay plots. Errorsin kyy, are twice the standard deviation
of the slope obtained from a linear least squares fit to the second-order

20.

an order of magnitude change in absorbance and BrO obeyed
second-order kinetics. The slope of these plots yields values of
kip at 298 K in He which are listed in Table I. They are also
plotted in Figure Sa as a function of pressure. It is seen that the
values of k,3 obtained using the diode array agree extremely well
with those from the single-wavelength measurements and are
essentially independent of pressure. Again, a slight pressure
dependence cannot be ruled out. The average value of kip
measured using both detection systems at all pressures is (4.45
%= 0.69) X 10-13 cm? molecule! s~!. The reported error is twice

decay plots. ¢ [BrO]y is accurate to £15%, 24. kip is accurate to £20%,
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Figure 5. Plots of k1, vs pressure obtained at (a) 298 and (b) 220 K using
both the monochromator/PMT and the diode array spectrometer detection
systems. The cross section for data obtained with the diode array at 220
K was adjusted so that the [BrOJ, agreed with data obtained under
identical conditions with the monochromator/PMT detection system.
Theerror bars include the standard deviation of the mean and the estimated
error in the absorption cross section of BrO. No error bar is shown for
the 604 Torr point because only one measurement was carried out at this
pressure. Incase of 220 K data no error bars are shown because our data,
rather than the averages, are shown.

the standard deviation of the mean of 38 measurements. It does
not include any errors in the absorption cross section. The
absorption cross sections at 298 K are accurate to better than
10%. Therefore, we quote a value of k;p = (4.45 £ 0.82) X 10-13
cm? molecule-! s~1, which includes the estimated systematic error
in the cross section of BrO. All quoted errors are at the 95%
confidence level.

The initial concentration, [BrO],, was varied by a factor of 2
at 75 Torr, a factor of 3 at 200 Torr, and a factor of 2 at 300
Torr. In this entire set of data the [BrO], was varied by
approximately a factor of 6. There was nosystematicdependence
of the measured rate coefficient with [BrO],. In all cases, the
variation of [BrQO] with ¢ obeyed second-order kinetics. There
was no systematic variation in the measured k;, with ozone
concentration. The wall loss of BrO at these high pressures is
completely controlled by gas-phase diffusion. Even if the uptake
coefficient for BrO at the walls is 10-%, an entirely unlikely
possibility based on the observations in flow tubes, the loss of
BrO in our experiments due to such a process is negligibly slow.

The total change in [O;], A[O3]., was also measured using the
diode array whenever k, was determined using that method of
detection. A plot of A[O;]. vs [BrO]y, i.e., eq X (obtained from
the analysis of the diode array data) is shown in Figure 6a. As
discussed earlier, the slope of this line is related to the branching
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Figure 6. Plot of AO; vs [BrO], for data obtained with the diode array
spectrometer at (a) 298 and (b) 220 K. The slope of each line is related
to the branching ratio, kyp/k1, as discussed in the text. The different
symbols are included to show that the slope is independent of pressure.

ratio for channel 1a. It can be seen that the branching ratio is
independent of pressure since all the points fall on the same line.
From the slope of the line in Figure 6a, 6.17 & 0.22, the branching
ratio is found to be 0.84 £ 0.01. The error quoted is twice the
standard deviation of the slope obtained from a linear least squares
regression of the data. By using thealternative method of plotting
1/A[Os],vs 1/t,a branching ratio of 0.89 £ 0.03 is obtained. The
quoted error is twice the standard deviation of the mean of 17
determinations. The higher uncertainty in this method is due to
the uncertainties in the values of ki, and [BrO]y, both of which
are necessary for the calculation of the branching ratio. While
both methods, plotting final A[O3] vs [BrO], and plotting
1/A[Os]; vs 1/¢, yield similar values, after consideration of all
of the errors involved, we have opted to use the former method
for the values reported in this study. The use of the latter method
of analysis was carried out as consistency check of the values
obtained by the former. The values of k;, calculated from using
the plot of A[Os]. vs [BrO]o were in reasonable (~30%)
agreement with those calculated from the branching ratio and
kiv.

The observations that the branching ratio is independent of
pressure combined with the pressure independence of k), yield
a pressure-independent value of k; of (2.75 £ 0.57) X 10-12 cm3
molecule! s-!. These values are listed in Table II and are
compared with other previous measurements. Sander and
Watson!2? report values of (3.47 £ 0.68) X 1013 and (2.20 *
0.70) X 1012 cm? molecule! s! for kyp, and k,, respectively in
He, and find no dependence on pressure for either value over the
50-475 Torr range. Turnipseed et al.!’ obtained a value of (2.49
£ 0.26) X 10-12 cm3 molecule-! s-! for k; and (3.0 £ 1.0) X 10-13
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cm? molecule~! s! for k), at a pressure of 2 Torr in a discharge
flow system. Lancar et al.'¢ measured k; and kj;, to be (3.2 X
0.5) X 10-12 ¢cm3 molecule™! s! and (3.7 £ 1.5) X 1013 cm?
molecule! 571, respectively. From Table II, it can be seen that
the values measured by Basco and Dogral® and by Clyne and
Cruse8 are very different from those obtained in the other studies.
As pointed out by Clyne and Watson,!! the values of the absorption
cross section of BrO used in these studies are questionable. In
addition Basco and Dogra assumed that reaction 1 proceeds only
via channel 1b while Clyne and Cruse assumed only channel 1a.
The average of the studies listed in rows 6-9 of Table II would
appear to be the most appropriate values for modeling purposes
and yield an average value of (2.8 £ 0.8) X 10-13 cm? molecule™!
sl .

220 K Results. Measurements of k;, at 220 K were carried
out in He, N,, and SF as buffer gases. The temporal profile of
the absorption at 338.5 nm was seen to deviate from the expected
second-order behavior. However, the temporal behavior of BrO
measured using the diode array spectrometer still obeyed a second-
order rate law. The measured value of k), (obtained from the
initial portions of the temporal variations at 338.5 nm and the
entire time profiles of BrO measured using the diode array
spectrometer) increased with the pressure of the buffer gas.
Finally, a new, hitherto unobserved unstructured absorption was
detected. These results are discussed below.

Second-order analysis plots of data obtained in He with the
monochromator/PMT system were typically linear at low
pressures but exhibited distinct curvature at higher (>400 Torr)
pressures. Figure 7a,bshows the temporal profile of the reciprocal
of absorbance at 338.5 nm obtained at 100 and 550 Torr. The
results from the single-wavelength determinations using the initial
portion of the profiles are given in Table I. They are also plotted
in Figure 5b as a function of pressure. It can be seen that k;;
increases by a factor of 2 over the range of pressures used.

Measurements of kp, using the diode array detection system
were carried out in He under conditions identical to those of the
single-wavelength determinations. Measured second-order anal-
ysis plots were typically linear for over an order of magnitude
change in absorption, as shown in Figure 7c. To calculate the
[BrO] using the diode array system, the absolute cross sections
of BrO are needed. The relative absorption spectrum was
measured by operating the entire 93-cm long absorption cell as
a fast flow reactor at low pressure and generating BrO as described
earlier via the Br + O; reaction. To place the spectrum on an
absolute scale, back to back experiments were carried out under
identical conditions using the monochromator/PMT and the diode
array. The observed temporal variation of the absorbances
measured were back extrapolated to time zero. Using the known
absorption cross section at 338.5 nm, we normalized the spectrum
measured using the diode array. This spectrum was used for
calculating BrO concentration in the diode array experiments.
Table I lists the values of k), obtained using the diode array
system. A plot of these values is shown in Figure 5bas a function
of pressure. It can be seen that there is excellent agreement
between the two systems with the values increasing over the range
of pressures used.

The branching ratio was measured in He at 220 K in
experiments similar to those carried out at 298 K. Figure 6b
shows a plot of A[O;]. vs [BrO], where [BrO], was obtained
from the diode array measurements made under the same
conditions. The slope of 3.17 & 0.20 yields a value of 0.68 % 0.05
for the branching ratio at 220 K. The error quoted is twice the
standard deviation of the slope,obtained from a least squares
regression of the data. By plotting 1/A[Os), vs 1/t a branching
ratio of 0.72 £ 0.14 was obtained. Within the precision of the
measurements, the branching ratio does not change with pressure.
This observation indicates that the overall rate coefficient must
increase with increasing pressure.
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TABLE II: Comparison of the Measured Rate Coefficients and Bra

nching Ratios with Those from Previous Studies

Technique® k1 (10712 cm? molec! s71) kia/ K k1p (10-13 cm? molec! s71) work

298 K
FP-UV 1.1£0.2 Basco and Dogra!®
DF-UV 52%06 Clyne and Cruse®
MM 4115 0.84 6.6 % 2.0 Cox et al.13
BPDO 0.85 Jaffe and Mainquist!4
DF-MS 3207 Clyne and Watson!!
FP-UV 2.2%0.7 0.84 £ 0.03 3.47 £ 0.68 Sander and Watson!2
DF-MS 2.49 £ 0.26 0.88 £ 0.04 2,99 £ 1.00 Turnipseed et al.!
DF-MS 3.2%05 0.85 4.7+ 1.5 Lancar et al.16
FP-UV 2.78 £ 0.25 0.84 £ 0.01 4.45%0.82 this work
averageb 28£0.8 0.85 £ 0.03 39+1.6

220 K¢
FP-UV 2.62 Sander and Watson!?
BPDO 0.80 Jaffe and Mainquist!4
MM 0.66 0.68 Cox et al.1?
FP-UV 2.00-3.10 0.68 £ 0.05 58-11.0 this work
averaged 0.68

@ The abbreviations of the techniques are FP-UV, flash photolysis—UYV absorption; DF-UV, discharge flow—UV absorption; MM, molecular modulation;
BPDO, bromine photosensitized decomposition of ozone; DF-MS, discharge flow—mass spectrometry. # The reported average is that of rows 6-9 in
the table, except for the value of the branching ratio, k1,/k;, which includes the values of Jaffe and Mainquist (row 4). The values of Cox et al. were
rejected due to their large uncertainty. ¢ The values observed at 220 K exhibited a pressure dependence. ¢ The reported average is from Cox et al. and

this work.

To further examine the pressure dependence observed in He
at 220 K, N; and SF¢ were used as bath gases and kq, was
measured. These gases are more efficient as third bodies in
association reactions than He, and the pressure dependence could
be more pronounced. Second-order decays obtained from data
using the monochromator/PMT system exhibited a definite
curvature as shown in Figure 8a,b, with the apparent loss rate
slowing as the reaction proceeded. If theinitialslopeofthe decays
was used for the calculation of k4, the value of k;y increased with
increasing pressure. If second-order kinetics are assumed, then
the observed curvature is indicative of the presence of an absorber
not accounted for in the analysis of the data.

To investigate if this deviation was due to a new absorber, the
entire spectrum of the reaction mixture was recorded using the
diode array. After subtraction of the structured BrO absorption
and the broad absorption of Os, the presence of an additional
absorber underlying the BrO absorption was detected at early
(<35 ms) reaction times. The magnitude of this absorption
decreased at longer reaction times and completely vanished in
the final spectrum taken at 300 ms to measure A[O;].. The
SVD routine used in the analysis of the diode array data has the
ability to accurately remove the contribution due to the BrO
absorption from the experimental absorption spectra obtained at
known times following the flash, even in the presence of the
additional absorber, as long as this absorber does not have the
same wavelength-dependent structure as BrO. Figure 9 is a plot
of the residual absorption spectrum after removal of the
contributions of O3 and BrO absorption from an experimental
absorption spectrum taken ~3 ms following the flash. The
absorption feature appears to be a broad peak with a maximum
absorption at ~312 nm.

The presence of this additional absorber makes kinetic analysis
of the single-wavelength data difficult since the stoichiometry
between the BrO and the new absorber is not known. The [BrO],
data obtained with the diode array is not subject to such
assumptions, since the [BrO] is determined directly from the
SVD analysis. The measured BrO temporal profiles obeyed
second-order kinetics as shown in Figure 8c. Table III lists the
values of k;, obtained from the measurements using the diode
array at 220 K in N, and SF. Figure 10 shows a plot of the
variation of k,y, with pressure of He, N, and SF¢at 220 K obtained
from the diode array. It can be seen that the values are similar
at each pressure with He yielding slightly lower values.

260 K Results. There was one measurement made at 260 K
in 310 Torr of N;. The second-order decay plot was curved but
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Figure 7. Second-order plots of 1/.4; vs time of data obtained at 220 K
in (a) 100 and (b) 550 Torr of He measured with the monochromator/
PMT. The curvature of the decays increased from low to higher pressure
as shown and indicated the presence of another absorbing species. (c)
Second-order decay plot of 1/[BrO]; vs time of data obtained with the
diode array under conditions identical with those of part b. The values
of [BrO], were obtained from SVD analysis of the original spectra.
Linearity of the plot indicates the accurate removal of BrO from the
spectra in the presence of other absorbers (as indicated by the curvature
of the above single-wavelength decays).
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Figure 8. Second-order plots of 1/A4; vs time of data obtained at 220 K
in (a) 300 Torr of N3 and (b) 550 Torr of SF¢ measured with the
monochromator/PMT. The strong curvature of the decays indicates the
presence of an additional absorbing species at the monitored wavelength,
338.5 nm. (c) Second-order decay plot of 1/[BrO]; vs time of data
obtained with the diode array under conditions identical with those of
part b. The values of [BrO], were obtained from SVD analysis of the
original spectra. Linearity of the plot indicates the accurate removal of
BrO from the spectra in the presence of other absorbers (as indicated by
the curvature of the above single-wavelength decays).

1/[Bro] (10

not to as great a degree as those obtained at 220 K. Using the
initial portion of the decay, a value of kjp, = 8.66 X 1013 cm?
molecule-! s-! was obtained, which falls between the values
measured at 298 and 220 K. Using the interpolated value for
kia/k,, we calculated the value of k; to be 3.21 X 10-12 ¢m?
molecule! s71.

Table II lists the values of the branching ratio obtained here
together with those of previous studies. The agreement between
various studies at 298 K is excellent. The branching ratio has
not been measured extensively in kinetic experiments at lower
temperatures. Qurvalueat 220 K of 0.68 measured is in excellent
agreement with that calculated from Cox et al.!? but is different
fromthat of Jaffe and Mainquist.!4 The currently recommended?!
value is the average of the values of Cox er al. and Jaffe and
Mainquist. Jaffe and Mainquist measured the quantum yield
for O, loss in the bromine-photosensitized decomposition of ozone
to obtain their value. Their method required the knowledge of
the absolute photolysis rate (i.e., flux) to calculate this value.
Our method does not rely on an absolute flux, and the required
absolute concentrations were measured (indirectly) relative to
each other. Hence we believe our value to be accurate. The
lower value of the branching ratio measured at 220 K is consistent
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Figure 9. Residual spectrum of data taken with the diode array
spectrometer at 220 K in N». The residual shows the presence of a new
absorption previously unreported as a product of the self-reaction of BrO.

TABLE III: Values of ky, Obtained Using the Diode Array
Spectrometer at 220 K in SFs and N,

SFs NZ

pressure ky? pressures kb
200.0 9.25 296.7 15.5
2439 139 499.0 19.0

503.5 13.6

346.6 12.1 (501.2) (16.0)
348.7 9.02
350.1 9.50

(348.5) (10.2)
443.7 13.8
455.1 13.8

(449.7) (13.8)
554.7 16.8
555.9 16.1

(555.3) (16.4)

4 Units of pressure are Torr. ®Units of kjp are 10-12 cm? molec! s-1.
Values of ky;, are accurate to £20%.
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Figure 10. Plot of k) vs pressure for data obtained with the mono-
chromator/PMT detection system in He, N, and SFs. The decay plots
were curved, and the values plotted were obtained from the initial slopes
of the curves.

with the observed increase of k;,. The average of our value and
that of Cox et al. would lead to a value of 0.68 at 220 K.
Sander and Watson measured the overall rate coefficient, &,
in Heat 223 K and obtained a pressure-independent value of 2.62
X 10-!2 cm3 molecule~! s-1. In their paper the authors noted that
values obtained at 50 Torr of He were ~20% lower than values
obtained at higher pressures but attached no significance to this
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variation. In our study the rate coefficient k;, was observed to
increase with increasing pressure, while the branching ratio
remains constant, thereby indicating that the overall rate
coefficient, kj, increases with increasing pressure. The values of
the branching ratio and k;, obtained at 220 K in this study lead
to k; increasing from (2.00 = 0.41) X 10-12 cm3 molecule! s-!
at 100 Torr to (3.10 % 0.30) X 10-12 ¢cm? molecule! s-! at 400
Torr. Within the errors of the measurements, our vlaues of k;
agree with the values measured by Sander and Watson as well
as that calculated from Turnipseed et a/.’s data. Also, this value
at 220 K is nearly the same as that at 298 K, suggesting that only
the branching ratio (and not k;) is dependent on temperature. It
is also interesting to note that the value obtained at 220 K for
k, by Sander and Watson is approximately the average of the
values obtained in this study for pressures between 75 and 500
Torr.

The presence of the additional absorption at 317 nm has not
been reported in the past studies of the self-reaction of BrO. The
absorption is transient and vanishes at longer reaction times
indicating that it is either unstable or reactive toward BrO.
However, if the absorbing species were reactive toward BrO, the
data obtained with the diode array would not obey second-order
kinetics. The absorber could be an excited state of Br, formed
in reaction 1. To check for this possibility, Br, was photolyzed
at 220 K in N, and no absorption was observed, suggesting that
the absorber is not Br; or an excited state of Br, formed by the
recombination of Br atoms. It is possible that the excited state
of Br; produced in reaction 1 is different from that formed in the
recombination of Br. Similarly, O3 was photolyzed at 220 K in
N>, and no absorption was detected. With these results, along
with the temporal profile, it would seem likely that the absorber
is a product of the self-reaction of BrO and its loss is due to its
decomposition.

Assuming that the absorbing species is a product of reaction
1, reasonable possibilities for its identity are OBrO, Br,O, BrOO,
and Br,O,. Both OBrO and Br,O have been observed in the
condensed phase and do not have absorption spectra which are
similar to the new absorbing species.222*> The BrOO molecule
has not been observed and is not thought to be stable, because
the estimated Br—OO bond energy?* is ~1 kcal mol-l. This
instability is not inconsistent with the observed transient nature
of the new absorber. Br, was photolyzed at 220 K in 600 Torr
of O, to generate BrOO, but no absorption was detected. These
conditions should be very conducive to the formation of BrOO,
and therefore we tentatively conclude that either BrOO is not
formed or it does not absorb. In either case it is unlikely that the
absorption seen is due to BrOO.

It is most likely that the species we see is BryO,. The
temperature at which we observed this species, 220 K, suggests
that this molecule is bound by at least 5 kcal mol-!, suggesting
that the O-O bond is stronger than the Br—O bond in BrOOBr.
(This argument is based on the estimated Br—O bond energy in
BrOO and the above heat of formation for BrOOBr.) If true,
itis likely that it is energetically favorabie for the Br,O, molecule
todecompose to BrOOand Br. Such a decomposition is consistent
with the present observations that BrOO, if formed, rapidly
decomposes to Brand O,. The formation of Br; can be explained
by a modification of the mechanism originally proposed by Porter!?
for halogen oxide reactions:

BrO + BrO = BrOOBr* @)
BrOOBr* — BrOO + Br (8a)
—Br, + 0, (8b)

BrOO — Br + O, o)
BrOOBr* + M + BrOOBr + M (10)
BrOOBr — Br, + O, (11a)
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— Br + BrOO (11b)

where the asterisk denotes a vibrationally excited Br,O; inter-
mediate. Intheir scheme, the BrOOBr* can ¢ither undergo fission
to form BrOO + Br (which eventually leads to the formation of
2Br + O,) or be quenched to form a more stable state of Br,O,.
This more stable state is longer lived, allowing for the formation
of the four-centered complex that is required to dissociate into
O,and Br,. Aspointed out by Sander and Watson, the formation
of the four-centered complex would probably have a large negative
entropy, but this would be compensated for by the large
exothermicity of the production of Br, and O,. Alternatively,
BrOOBrmay alsodissociate to give Br + BrOO. This mechanism
is consistent with the enhanced production of Br, at lower
temperatures as indicated by the increased value of k;p and the
increase in the total rate coefficient with pressure. However, one
would expect a change in branching ratio for channels laand 1b
with pressure, which is not observed. It is possible that
decomposition of BrOOBr to Br masks this expected change.

The above mechanism is analogous to that of the reaction of
the ClO + ClO reaction. In the ClO + ClO reaction there is a
~ 18 kcal well which leads to the formation of C1,0,and a barrier
of ~21 kcal for the decomposition of thermalized Cl,0, to Cl,
+ O, or Cl + CI0O. In the BrO + BrO system, the well which
leads to the formation of Br,O, cannot be as deep; the observed
kinetics are consistent with there being a small barrier in the exit
channel. Attributing the observed new absorption to Br,0, is
consistent with the observations that it is not seen at 298 K where
presumably the decomposition of Br,O,* dominates over quench-
ing. Such a scheme would form 2Br + O; as the major product
as observed by the larger value of the branching ratio, kia/k;,
and the smaller values for kjp. At lower temperatures where the
absorption is seen, quenching of Br,O,* would compete more
favorably over its decomposition. The stable Br,O, would then
decompose more slowly to give Br, + O, (or Br + BrOO). The
lower value for the branching ratio and the higher values for k5
are consistent with BrOOBr decomposing mostly to Br, and O,.
Studies of this reaction at temperatures much lower than 220 K
would shed some light on this mechanism. Unfortunately, because
of experimental difficulties in introducing sufficient Br; into the
reactor at these low temperatures, we could not perform such
experiments. Based on analogy with reaction 1 and the reaction
of ClO with ClO, one could expect the BrO + ClO reaction to
also proceed via a BrOOCI complex. It is even conceivable that
this complex would be more stable than BrOOBr.

For stratospheric modeling, the values of k, at lower pressures
(<100 Torr) are important. The calculated values of k; from our
study along with those from previous studies at pressures less
than 100 Torr are shown in Figure 11. An average value of this
data set yields a temperature-independent value of k; = (2.48 £
0.90) X 10-12 ¢m?® molecule! s~!. By using the branching ratios
of 0.85 at 298 K and 0.68 at 220 K, the temperature dependence
of the branching ratio is calculated to be f = 1.60 exp(-190/7).
From this average value of the branching ratio as a function of
temperature, the individual rate coefficients are calculated to be
kia =397 X 10-12exp(-190/7) and k;, = 4.2 X 10-14 exp[(660
%+ 120)/7] cm® molecule™! s-1. These values can be used in
atmospheric modeling. The above branching ratio leads to a
larger channel for Br; production than previously recommended.2!
In the sunlit atmosphere, the branching to yield BrOO and Br,
are equivalent because Br; rapidly photolyzes. However, in the
dark, the self-reaction should be terminated faster than previously
believed. Therefore, the role of Br, as a (small) night time
reservoir of bromine species is enhanced, especially when the
levels of oxides of nitrogen are low.

As mentioned earlier, the tentatively identified BrOOBEr is not
stable and decomposes within ~50ms at 220K and a few hundred
Torr of bath gas. Therefore, even if the stability of this species
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Figure 11, Plot of k; (log scale) vs 1/T showing the temperature
dependence of the value of k) obtained in this study as well as values from
previous studies. Itisassumed thatthe valuesare temperatureindependent
with an average value of k; = (2.48 & 0.90) X 10-'2 cm?® molecule! 571,

with respect to 2BrOis 10 kcal mol-!, we estimate its decomposition
lifetime in the stratosphere to be less than 1 min at 195 K.
Therefore, it is unlikely to play any significant roles in the
stratosphere even at 195 K.

BrO+ O3 Reaction. The possible loss of BrO due to the reaction
of BrO + O3 was investigated by the use of a chemical model.
The [BrO] vs ¢ profiles obtained from the monochromator /PMT
system were fit using the FACSIMILE® chemical process
integration program. This program will model a system of
chemical reactions, fit a given data set, and determine any
unknown rate coefficients. Our model included reaction 1,
reaction 3, and the reaction of BrO + O; — Br + products
(presumably 20,). The values of the rate constants for reaction
1b and BrQ + O; were allowed to vary while the values of k;,
and k; were fixed at our determined value and the value
recommended by NASA,?! respectively. The values obtained
for ki essentially did not change from those obtained from the
second-order analysis above, indicating that the reaction of BrO
+ O3 is negligible compared to reaction 1. The values obtained
for the rate constant of BrO + O; were typically very small and
allowed us to place an upper limit of 5 X 10-!7 ¢cm? molecule-!
s71 for the rate of the reaction BrO + O; — Br + products. If
the reaction leads to any other stable products, the BrO temporal
behavior would not be second order. Furthermore, the deviation
of the temporal profile from second-order behavior will change
with [O3]. Based on the observed second-order behavior of BrO
temporal profiles at all concentrations of ozone, we place an upper
limit of 5 X 10-17 cm3 molecule! s for this process also.

The above upper limit for the BrO + Oj; reaction is 100 times
lower than that recommended in NASA /JPL evaluation.?! This
recommendation is based on the measurements of Sander and
Watson, who carried out experiments very similar to ours.
Because of the improved detection sensitivity by using a diode
array spectrometer and the precision of the BrO profiles, we have
been able to place a better limit. It is very unlikely that this
reaction would have a very large negative temperature dependence.
So, the 298 K value should be a reasonably good upper limit for
atmospheric temperatures also. If the rate coefficient for this
reaction is set at the currently accepted upper limits in atmospheric
models, the calculated loss of ozone due to bromine chemistry is
larger than that due to the reaction of BrO with C10. However,
our upper limit would make this reaction totally unimportant.
Therefore, the current models are indeed justified in neglecting
this reaction.

Mauldin et al.

Conclusions

The branching ratio of reaction 1 measured here at 298 K in
He is in excellent agreement with that measured by Sander and
Watson,!2 Turnipseed ef al.,!% and Lancar et al.'8 and shows no
pressure dependence. Our value of kjp at 298 K is in good
agreement with recent studies!!-13.15:.16 and also shows no pressure
dependence; however, a slight pressure dependence cannot be
ruled out. The branching ratio measured at 220 K in He is lower
than that observed 298 K but also independent of pressure. The
rate coefficient for reaction 1b was observed to be dependent on
pressure indicating that the overall rate coefficient for reaction
1 must be pressure dependent. A previously unreported transient
absorption was observed at 220 K. Due to its transitory nature
and the enhanced formation of Br, observed at 220 K, the new
feature was tentatively assigned as belonging to Br,O;. The
reaction is suggested to go through a Br,O, intermediate which
can be deactivated by collision or can decompose to Br and BrOO.
The deactivated Br,O, is suggested to lead mostly to Br; and O,.
The rate coefficient for the reaction of BrO with O; has been
found to be <5 X 10-!7 cm? molecule! s-!, and based on this
upper limit, it is concluded that this reaction is not significant in
the stratosphere.
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