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The BrO self-reaction, BrO + BrO — products (1), has been studied using laser flash photolysis
coupled with UV absorption spectroscopy over the temperature range 7 = 266.5-321.6 K,
under atmospheric pressure. BrO radicals were generated via laser photolysis of Br; in the
presence of excess ozone. Both BrO and O; were monitored vie UV absorption spectroscopy
using charge-coupled device (CCD) detection. Simultaneous fitting to both temporal
concentration traces allowed determination of the rate constant of the two channels of reaction
(1), BtO + BrO — 2Br + O, (la); BrO + BrO — Br, + O, (1b), hence the calculation of the
overall rate of reaction (1) and the branching ratio, «: k1,/cm> molecule™ s™! = (1.92 £ 1.54) x
1072 exp[(126 + 214)/T], kyp/em® molecule™ s™' = (3.4 & 0.8) x 10~"% exp[(181 + 70)/T],
ki/em® molecule™ s7' = (2.3 £ 1.5) x 1072 exp(134 £ 185 /T) and o = ky,/k; = (0.84 + 0.09)
exp[(—=7 + 32)/T]. Errors are 1o, statistical only. Results from this work show a weaker
temperature dependence of the branching ratio for channel (1a) than that found in previous

work, leading to values of o at temperatures typical of the Polar Boundary Layer higher
than those reported by previous studies. This implies a shift of the partitioning between the two
channels of the BrO self-reaction towards the bromine atom and hence directly ozone-depleting

channel (1a).

1. Introduction

Characterising the reactivity of bromine monoxide radicals,
BrO, is of crucial importance to understand recent changes in
the Earth’s atmosphere. BrO radicals play a critical role in ozone-
depleting events, both in Polar Regions and at midlatitudes. In
the stratosphere, for instance, the BrO + CIlO cycle is one of
the major contributors to catalytic ozone destruction observed
during Polar Springtime.' In the troposphere, ozone depletion
has been detected in the Arctic Marine Boundary Layer and
has been associated with enhanced BrO mixing ratios.>>
Many studies have shone light on the origins and chemistry
of atmospheric bromine. It is now known that, whilst the vast
majority of atmospheric chlorine originates from anthropogenic
sources, a considerable part of bromine present in the atmo-
sphere is emitted by biogenic sources, such as phytoplankton.
Moreover, despite the lower atmospheric abundance of bromine
compared to chlorine,* bromine-driven ozone destruction is
more efficient on a per atom basis as the active forms of bromine,
Br and BrO, are more thermodynamically and photolytically
preferred to their reservoir (inactive) forms compared to
their chlorine counterparts.>® The BrO self-reaction occurs at
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suitably high BrO mixing ratios. The current understanding of
this reaction is that it comprises of two channels:”®

BrO + BrO — 2Br + O, (1a)
—>B1‘2 + 02 (]b)

At ambient temperature the reaction is dominated by channel
(1a), which, in the presence of ozone, leads to ozone removal
via reaction (2):

Br + O; > BrO + O, ©)

Therefore, for every Br atom produced by channel (1a), one
ozone molecule is consumed by reaction (2), which in turn
catalytically regenerates BrO. The BrO self-reaction is there-
fore not only atmospherically important as a key step in its
own right as a catalytic ozone-depleting cycle, but it must be
also taken into account when studying, in the laboratory, other
atmospherically important reactions such as BrO + HO, and
BrO + CIO.

A number of studies have focused on the BrO self-reaction
using a variety of techniques, from temperatures as low as
T = 202K upto T = 573 K.° Most studies are in relatively good
agreement at 7" = 298 K, and their results at ambient tempera-
ture are summarised in Table 1. Some studies™”$!21316:1921 paye
investigated the temperature dependence of the BrO self-
reaction: the majority of these observed a negative temperature
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Table 1 Summary of previous studies on the kinetics of the BrO self-reaction

k(T = 298 K) /107"% kyo(T = 298 K) /107'% kyo(T = 298 K)/10™"* o (T = 298 K)

Reference Technique® T/K p/Torr  cm® molecule™! cm” molecule™ " s~ cm® molecule ™! s~ = kya/k;

Clyne and Cruse’ DF/UV 293-573 1 52406

Basco and Dogra!® FP/UV 298 400-760 1.1 £0.2

Clyne and Watson'!' DF/MS 298 32407

Jaffe and Mainquist’” PD 258-333 0.84 + 0.01

Sander and Watson® FP/UV 223~ 50-475 2.17 + 0.68 3.46 + 0.68° 0.84 +0.3°
4.12 4+ 1.99° 0.81 + 0.46”

Cox et al.'? MM/UV  278-338 6.9 + 1.4° 0.84 4 0.5¢

Turnipseed et al.'*  DF/MS 253-400 2 2.45 £ 0.267 0.88 + 0.047

Langar ef al.'* DF/MS 298 1-2 32405 27405 47415 0.85 + 0.3

Bridier et al.'® FP/UV 298 760 3.1 4+ 0.4° 494 0.6 »

Mauldin e al.’ FP/UV 220,298 75-600 2.7 + 0.5 23403 44408 0.84 + 0.01

Rattigan er al.'® CP/UV 298-343 343-647 3.38 + 0.33

Rowley et al.'’ FP/UV 298 760 2.98 + 0.42 2.42 +0.42 4.69 + 0.68 0.85 + 0.03

Laszlo et al.'® LP/UV 295 200 2.8 +0.5%

Gilles et al."” LP/UV 204-388 500 3.540.35 ,

Bedjanian er al.?° DF/MS 298 1 2.75 £ 0.35 235+ 0.4 40 +0.5 0.84 + 0.03

Harwood et al.”! FP-LP/UV 222-298 100-760 2.90 =+ 0.28 2.59 +0.28 3.1+02 0.89 4 0.13

IUPAC?? 32403 27403 48+ 0.5 0.85 +0.11

JPL-NASAZ 3.25 2.74 5.02 0.84

This work LP/UV 265-320 760 3.4+ 0.08 2.8 +0.08 5.75 + 0.07 0.83 + 0.03

“ DF/UV = discharge flow/UV absorption spectroscopy; FP/UV = flashlamp photolysis/ UV absorption spectroscopy; DF/MS = discharge
flow/mass spectrometry; PD = photosensitised decomposition; MM/UV = molecular modulation/UV spectroscopy; CP/UV = continuous
photolysis/ UV absorption spectroscopy; LP/UV = laser photolysis/ UV absorption spectroscopy. © Sander and Watson used two different
methods to measure k. The first consisted in monitoring BrO decay in excess O3. The second involved measurements of the quantum yield of O3
loss. ¢ At T = 303 K. “ At T = 304 K. ¢ Calculated assuming « = 0.84.7 Error as reported by the authors. £ At T = 295 K.

dependence for the overall rate constant and for channel (1b)
along with a weaker, near-zero temperature dependence for
channel (1a). However these studies have reported somewhat
conflicting results with regard to the absolute values of the
individual rate constants. The work of Sander and Watson®
was the first to investigate the overall rate of reaction (1) at
temperatures other than 7" = 298 K; these authors measured
ki at three temperatures over the range 7 = 223-338 K. Cox
et al."? reported values for k;, and for the branching ratio
o = kia/k; at four temperatures over the range 7' = 278-338 K
and found greater rate constants than those reported by
Sander and Watson as well as a weaker negative temperature
dependence for k;,. However, measurements of k; by Turnipseed
et al."® at three temperatures over the range T = 253-400 K
showed good agreement with the work of Sander and Watson.
Mauldin er al.’ determined the rate constants of both channels,
hence the overall rate constant and the branching ratio, at
T =298 K and T = 220 K. Gilles et al.'® measured k; at nine
temperatures over the range 7' = 204-388 K, finding values of
the overall rate constant higher than those of Sander and
Watson® and Turnispeed et al.'*> Harwood et al.>' measured
ki, and kyp at five temperatures over the range 7 = 222-298 K,
and obtained smaller rate constants than previous work. A more
in-depth account of previous studies on the BrO self-reaction is
presented in section 4.1 below.

Studies on the BrO self-reaction at low temperatures are
complicated by the contribution of a termolecular component
to the observed BrO decay at T < 250 K, as reported by
Mauldin et al.’ and Harwood et al.*' Both studies found that
the overall rate constant was pressure-dependent at 7 = 220 K
and T = 222 K respectively and reported an additional
absorption in their spectra attributed to the BrO dimer.
However, Sander and Watson reported pressure-independent

values of k; at a similar temperature (7 = 223 K). In addition,
most studies on the temperature dependence of the BrO self-
reaction carry significant statistical uncertainties as measure-
ments are only available at a small number of temperature
points (with the exception of the work of Gilles ef al.').
JPL-NASA recommendations® for the BrO self-reaction
have remained unchanged since 1997. The recommended
temperature dependence for the overall rate constant of reac-
tion (1), ki, is based on the work of Sander and Watson,®
Turnipseed et al.'® and Gilles et al.,'” whereas the temperature
dependence of the branching ratio « is based on the study by
Mauldin et al.’ (who measured the branching ratio only at two
temperatures, 7 = 298 K and 220 K) and on an extrapolation
of the data from Cox et al.,'”> who measured the branching
ratio only down to T = 277.5 K, to lower temperatures.
Extrapolation of the data from Cox et al. to T = 220 K gives a
value of a of 0.72, wherecas Mauldin et al. measured a
branching ratio of 0.68 at this temperature. It appears therefore
that the branching of the two channels, whilst well-established
at ambient temperature, is still poorly characterised at sub-
ambient temperatures relevant to the Arctic Boundary Layer,
due to the paucity of studies performed at such temperatures.
This study aimed to measure the rate constants of both
channels of the BrO self-reaction at sub-ambient temperatures
(down to T = 266.5 K) and to accurately characterise the
temperature dependence of the branching ratio employing
laser flash photolysis coupled with UV absorption spectroscopy.
Many previous studies have employed this technique, most of
them using a flashlamp as the source of photolysis,>®1%:15-17
others using a laser.'®'>2! However the present study is the
first to combine the advantages of laser photolysis (selective
photolysis of precursor gases, reduced undesired secondary
chemistry, reduced experimental noise) with those of CCD
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detection (i.e. simultaneous spectral and temporal resolution
of recorded UV absorbances).

2. Experimental

The kinetics of the BrO self-reaction were studied by means
of laser flash photolysis coupled with time-resolved broadband
UV absorption spectroscopy with charge coupled device
(CCD) detection. The apparatus has been already described
extensively'” hence only a brief summary is given here.

2.1 Gas handling

Gaseous Br,/O3/0,/N, mixtures were prepared using calibrated
mass flow controllers (MKS). Bromine vapour was introduced
into the gas mixture by passing a small flow of nitrogen gas
through a bubbler containing liquid Br, (Acros, 99.8%) kept
at 0 °C inside a Dewar flask. The bromine content in the
precursor mixture was calculated using the vapour pressure of
liquid Br, at 0 °C and was typically (4-5) x 10'® molecules cm .
Ozone was generated by flowing oxygen (BOC, 99.99%) gas
through a commercial ozoniser (Ozonia, Triogen). A separate
set of experiments was undertaken to determine the conversion
efficiency of the ozoniser: the O3 output was measured via UV
spectroscopy and quantified using the Beer—Lambert law (see
section 3.1) and the JPL-NASA? recommended absorption
cross-section. The typical conversion efficiency was found to
be approximately 6% and ozone concentrations in the pre-
cursor mixture were (1-2) x 10'® molecules cm 2. These gases
were mixed with a nitrogen (BOC, 99.998%) bath gas to
balance to p = 1 atm in a Pyrex mixing line from which they
were delivered to the reaction cell via Teflon tubing. Gases
flowed continuously through the cell (a cylindrical thermo-
statted quartz vessel 98.2 cm in length and 1.48 cm in diameter)
so that a fresh mixture of precursor gases was present for each
photolysis event. Gas flow-out from the reaction cell, a con-
sequence of the continuous flow set-up, was taken into account
in the analytical procedure and was in any way minimal over
the timescale of the observed radical decay.

2.2 Radical generation

An excimer laser (Lambda Physik COMPex 201), operating at
A = 351 nm with typical output of approximately 110 mJ per
pulse, was used to initiate the chemistry leading to the forma-
tion of BrO radicals. The laser beam was first expanded via a
pair of fused silica cylindrical lenses, and then collimated
through an iris to match the cross-sectional area of the
reaction cell. A dichroic reflector directed the laser beam
through the cell, in a direction opposite to that of the UV
analysing light.

Chemistry following photolysis of Br,/O3/O,/N, mixtures
consisted of the reaction of the photolytically generated Br
atoms with excess ozone to produce BrO:

Br, + hv (351 nm) - 2Br 3)
Br + O3 —» BrO + O, )

The optimised experimental conditions minimised the occurrence
of secondary chemistry such that BrO radicals were promptly and
exclusively formed from Br atoms. Post-photolysis bromine atom

concentrations, [Br]y, and therefore initial BrO concentrations,
[BrO]o, were typically in the range (5-6) x 10'* molecules cm 3
and were determined from fits to the kinetic traces, as discussed
below.

2.3 Radical monitoring

Species in the reaction mixture were monitored by UV absorp-
tion spectroscopy accompanied by CCD detection. Light from
a 75 W continuous xenon arc lamp (Hamamatsu L.2174) was
collimated and passed once through the gaseous mixture.
Light exiting the cell was focused onto the entrance slit of a
0.25 m astigmatic Czerny—Turner spectrograph (Chromex 2501S)
equipped with a 600 grooves mm ™! diffraction grating. The
width of the entrance slit was set to 75 um for this work,
resulting in a resolution (FWHM) of 0.5 nm and typically the
window 4 = 298-326 nm was monitored. Wavelength-
resolved transmitted light was imaged onto the top 31 rows
of the two-dimensional CCD detector. A more in-depth
description of CCD detection can be found elsewhere.!”-2!-2423
The CCD detector enabled rapid and efficient transfer of light-
generated signal out of the illuminated region of the detector
in the axis perpendicular to the spectral axis. Hence the CCD
array allowed acquisition of spectrally-resolved light intensities
recorded sequentially before, during and after laser photolysis
at a temporal resolution dictated by the time elapsed between
each charge transfer in the CCD device (shift time). In this
work, spectra were typically recorded at intervals of 100 ps.

3. Data analysis
3.1 Determination of absorbances and concentrations

Absorbance spectra were obtained from the recorded light
intensities using Beer’s Law:

Ay =1n (L *"’“‘““h)) (i)

]).,f

where A,, is the absorbance at wavelength 4 and time ¢,
(Ippre-iash) is the average light intensity at wavelength A
preceding photolysis and I, is the light intensity at wave-
length 2 recorded at any time . Therefore the absorbance
spectra obtained represented the change in the total absor-
bance of the reactive mixture post-photolysis. A typical absor-
bance spectrum recorded in this study is shown in Fig. 1: the
distinctive peaks arise from the (A 21'[3/2 « X 21'13/2) vibronic
transition of BrO, whilst the negative absorbance observed at
shorter wavelengths is attributed to ozone removal via reaction (2).

The concentrations of the species of interest were deter-
mined using the Beer—Lambert Law:

Ay, = Z il (ii)

where o¢;; is the absorption cross-section of species i at
wavelength /, [ is the optical pathlength of the analysis light
through the reaction mixture and [i], is the concentration of
species i at time z. Concentrations were obtained by fitting
reference cross-sections to the recorded absorbance. The BrO
spectrum measured by Wilmouth er al.® was used as the
reference BrO cross-section in this work. The resolution of
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this spectrum was higher (0.4 nm FWHM) than that of the
experimental spectra from this work (0.5 nm FWHM). Since
the absorption cross-section of vibronic features of the BrO
spectrum are a strong function of spectral resolution, the
cross-section from Wilmouth et al. was smoothed using in
this case a 93-point Gaussian averaging kernel to match the
lower experimental resolution of the present work. The
absence of systematic features in the residuals obtained from
spectral subtraction of the scaled reference from the experi-
mental spectra added confidence to this smoothing procedure,
as shown in Fig. 1. The vibronic bands of BrO are also
strongly dependent on temperature: reference BrO cross-
sections were interpolated to each experimental temperature
again using the spectra recorded by Wilmouth er al. at
T = 228 K and T = 298 K, assuming that op,o changed
linearly with temperature over this range. At each tempera-
ture, the absence of any residual structure following spectral
fitting and subtraction confirmed the determination of BrO
concentrations.

The values for the ozone cross-section used to fit to eqn (ii)
were those reported by JPL-NASA.2* Unlike the BrO spectrum,
ozone absorption in the near-UV at the current experimental
resolution is devoid of significant structured features and
therefore does not exhibit an appreciable dependence on
spectral resolution. Smoothing of the ozone cross-section
was not therefore required. Temperature effects on the ozone
cross-section are also very weak: however, reference Oj
cross-sections were generated at each experimental tempera-
ture via an interpolation of the JPL-NASA temperature-
dependent cross-section in a manner similar to that used for
the BrO spectrum.

Differential fitting procedures were used to determine
BrO concentrations. This technique has been described in

0.05

o
o
=

offset residuals

o
o
@

0.02

0.01

Absorbance (base e)

-0.01

-0.02
300 305 310 315 320 325

wavelength / nm

Fig. 1 Typical absorbance spectrum recorded at 7' = 265.5 K
following photolysis of Bry/O3/O,/N, gas mixtures (in red), showing
the distinctive peaks arising from the A 21'[3/2 « X 21'13’,2 vibronic
transition of BrO and a negative contribution from ozone removal at
shorter wavelengths. This spectrum was averaged over the first 50 ms
after photolysis. Also shown are the contribution of BrO (dotted line)
and AO; (dot-dashed line) to the total post-photolysis absorbance
obtained from fitting reference cross-sections to the experimental
spectrum, and the calculated absorbance resulting from the fit
(blue points). Residuals are offset by + 0.04 absorbance units for clarity.

detail elsewhere®® and, by virtue of high-pass filtering to obtain
the spectrally structured absorptions alone, allows unequivocal
monitoring of such absorbers. Initially, differential fitting was
used to quantify [BrO], alone. As BrO was the only absorber
with spectral structure present in the gas mixture post-photolysis,
eqn (ii) was expressed as:

Adgitr 2,0 = 0difr Bro,2[BrO], (iii)

where Agir,, is the differential absorbance spectrum and
dgir Bro,, 18 the differential BrO cross-section. However,
monitoring [BrO], only is not sufficient to investigate both
channels of reaction (1) (see section 3.2). To achieve a full
kinetic characterisation of the BrO + BrO self-reaction it was
also necessary to monitor the change in ozone concentration
following photolysis, A[Os],. In direct (i.e. non-differential)
absorption, eqn (ii) was therefore also expressed as

A = lopro[BrO], + 00,4A[03]) (iv)

Typical [BrO], and A[O3], kinetic profiles obtained from fitting
to eqn (iv) are shown in Fig. 2 and 3 respectively.

3.2 Kinetic analysis

Experiments were performed under excess ozone such that
Br atoms formed via channel (1a) reacted promptly with Os
to regenerate BrO via reaction (2). Thus channel (la) was
effectively masked and the observed second-order BrO decay
depended solely on k. Using classical kinetics and assuming
that Br atoms were in steady state (as confirmed by simula-
tions using numerical integration), the rate of loss of BrO was
written as:

N “’[Bifto]z — 2k1y[BrO]? (v)

d

This equation is readily integrated to give an expression for the
observed BrO decay:

-1
[BrO], = (ﬁ + 2k|bl> (vi)
0

Thus, fitting a simulated [BrO] trace from eqn (vi) to the
observed experimental BrO decay allowed extraction of the
rate constant of channel (1b) but provided no kinetic information
on channel (la).

It was still however possible to measure k;, by monitoring
the change in ozone abundances after photolysis as discussed
above. The rate of ozone removal via reaction (2) can be
written as:

d(Os],
dt

~ ky[Br][O;] (vii

Assuming that Br atoms are in steady state, it can be shown®
that:

A[OBL [03]r - [03]0

P t
—Zkla [Bro]() (WZ[BI‘O]O) (Vlll)

where [O3]g is the concentration of ozone immediately following
photolysis and generation of BrO radicals, and [O3], is the
subsequent ozone concentration reduced further by the catalytic
destruction of ozone following reaction (la). Eqn (viii)
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t

[BrO]/10"® molecules cm™

0 I I I I I ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time/s
Fig.2 Typical [BrO], decay trace recorded at 7' = 287.4 K (data points).

Also shown is the classical kinetic fit (solid line) to the experimental data.
Residuals have been offset by +7 x 10" molecules cm ™ for clarity.

o

residual

'
-y

'
N

/10" molecules cm

t

A[0}]

'
w

4 . . .
0 0.01 0.02 003 0.04 005 006 0.07 0.08
time/s

Fig. 3 Typical A[Os], decay trace recorded at T = 287.4 K (data
points). Also shown is the classical kinetic fit (solid line) to the
experimental data.

therefore describes the temporal behaviour of A[Os] without
taking into account the ozone loss resulting from the initial
formation of BrO via reaction (2). Assuming [BrO], = A[Os]y
from stoichiometry of BrO formation chemistry, eqn (viii)
becomes:

AlOs], = *[Bfo]o{%la[Bfo}o <m) + 1}
(ix)

Eqn (viii) and (ix) show that ozone removal is sensitive to
both k;, and ki, and hence allow the determination of the
branching ratio of the BrO self-reaction, defined for channel
(1a) as a = kya/k;.

Initially, eqn (vi) alone was fitted to the experimental [BrO],
trace via a least-squares minimisation routine optimising the
values for [BrO]y and k1. Subsequently, eqn (vi) and (ix) were

fitted simultaneously to the observed [BrO], and A[Oj3], traces
respectively by optimising [BrO]y, k1, and kiy,. Typical kinetic
fits to these traces are also shown in Fig. 2 and 3 along with
offset residuals.

4. Results and discussion
4.1 Results

The BrO self-reaction was studied at nine temperatures
over the range T = 266.5-321.6 K and at ambient pressure
(p = 760 Torr). Typically at least four experiments were
performed at each temperature, each consisting of 20 photo-
lysis events. Two sets of data were obtained from the kinetic
analysis (see section 3.2): one in which k;, alone was extracted
from the analysis of the BrO decay, and one in which both
k1. and k;, were obtained from simultaneous fitting to A[Os];
and [BrO],. The kinetic parameters resulting from the two
different fitting procedures are shown in Tables 2 and 3. The
errors shown are 20, statistical only.

Both channels showed negative temperature dependence of
the kinetic parameters and followed a linear Arrhenius behaviour.
The Arrhenius expression for ki, obtained from fitting solely
to the observed BrO decay is:

kip/em® molecule™ s™' = (3.4 4 1.0) x 10~"% exp[(182 & 91)/7]

Simultaneous fitting to both [BrO], and [AOs3], allowed charac-
terisation of both channels as a function of temperature. The
Arrhenius expressions resulting from this fitting procedure
are:

kiafem® molecule™ s™' = (1.92 + 1.54) x 102
x exp[(126 + 214)/T]

k1p/em® molecule™ s™' = (3.4 4 0.8) x 10~"% exp[(181 % 70)/7]
Hence

ki /em® molecule ™ s™! = (2.3 £1.5) x 10~ 2 exp(134 + 185/7)

¢f. JPL-NASA:® &y = 1.5 x 107"% exp(230/T)
Giving
o« = kiafky = (0.84 & 0.09) exp[(—7 + 32)/T]

cf. JPL-NASA:® ky,/k; = 1.6 exp(—190/T)

Arrhenius parameters (pre-exponential factor 4 and activa-
tion energy —FE,/R) are summarised in Table 4 along with the
IUPAC? and JPL-NASA?* recommendation and results from
previous studies.

The two sets of results obtained for ki1, from different fitting
methods are in excellent agreement with one another, with
values of the rate constant at each temperature agreeing within
error range (Tables 2 and 3). Consequently, the Arrhenius
parameters for the temperature dependence of ki, derived
from the two independent analyses are analogous, implying
that the sensitivity to k;, from ozone traces gave identical
values to those from BrO traces (Table 4). The consistency of
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Table 2 Values for &y, obtained from fitting to [BrO], decay only.
Errors are 20, statistical only

T/K k1b/107 " cm® molecule ™! 57!
265.5 6.84 + 0.08
272.5 6.62 £ 0.03
279.9 6.19 £ 0.16
287.4 6.14 £ 0.10
298 5.69 + 0.09
302.4 5.95 £ 0.09
309.5 6.34 £ 0.11
315.5 6.26 £ 0.11
320.6 591 £ 0.08

the results for k;, obtained from these two datasets added
confidence to this work.

Arrhenius plots are shown in Fig. 4-6 for ky, ki, and ki,
respectively. The values plotted for kj, are those from the
simultaneous fit to [BrO], and [AO;],. Comparison of the
branching ratio o from this work with previous studies is
shown in Fig. 7 and follows the convention used in JPL-NASAZ
of also describing the temperature dependence of the branching
ratio in Arrhenius form.

4.2 Comparison with previous studies

Early studies on the BrO self-reaction’ ! only focused on the

overall rate of the reaction, k; = k1, + k. These results show
poor agreement with one another, reflecting the uncertainties
that were still surrounding the mechanism and products of the
BrO self-reaction at the time. Jaffe and Mainquist’ were the
first to study the branching ratio « = k;,/k; by measuring the
quantum yield of bromine photosensitised decomposition of
ozone over the temperature range 7 = 258-333 K. They
showed that channel (1a) was the dominating pathway over
the experimental temperature range used, with a branching
ratio of « = 0.84 & 0.01 at T = 298 K. Sander and Watson®
used flash photolysis coupled with UV absorption spectro-
scopy to measure k; at three temperatures (7' = 223 K, 298 K
and 388 K) and over the pressure range p = 50-475 Torr. A
negative temperature dependence was reported for the overall
reaction rate constant and no pressure dependence was observed
at any of the temperatures used. kj;, was also measured at
T = 298 K, thus allowing determination of the branching
ratio at room temperature giving o = 0.84 £ 0.3, in excellent
agreement with the findings of Jaffe and Manquist. Cox e al.'?
employed modulated photolysis coupled with UV absorption
spectroscopy under excess ozone to monitor ki, over the range

T = 278-338 K. Greater rate constants than those reported by
Sander and Watson were determined along with a weaker
negative temperature dependence. The temperature dependence
of the branching ratio was also obtained from analysis of
the bromine sensitised decomposition of ozone and resulted
in values of o ranging from 0.78 4+ 0.03 at 7 = 277.5 K to
0.88 + 0.01 at 7 = 348 K. Turnipseed et al.'® carried out a
study of the BrO self-reaction at low pressure (p = 2 Torr)
using discharge flow coupled with mass spectrometry over the
range T = 253-400 K, obtaining values of k; in good
agreement with those of Sander and Watson. The same
technique was used by Langar er al.'* to measure both
ki and kyp, at T = 298 K, confirming the findings of Turnipseed
et al. Bridier et al."® utilised flash photolysis coupled with UV
absorption spectroscopy to monitor the rate of BrO decay
through the self-reaction at 7 = 298 K. However the reaction
conditions employed in their work (excess ozone) only allowed
determination of ki, hence they inferred the total rate of
reaction k; assuming « = 0.84. The value obtained for k; was
in good agreement with that reported by Langar et al. but
more than 40% higher than that of Sander and Watson,
who used the same experimental technique. Mauldin et al.’
measured the rate coefficients of both channels of the BrO self-
reaction using flash photolysis coupled with UV absorption
spectroscopy. k1, and ki, were determined at two temperatures,
T = 220 K and 298 K, over the pressure range p = 75-600 Torr
with a variety of bath gases (He, N, and SFy). The overall
rate coefficient k; was found to be independent of pressure at
T = 298 K but dependent on pressure at 7 = 220 K. On the
other hand, the branching ratio o was found to be independent
of pressure at both temperatures and was found to be
0.84 + 0.01 at 7 = 298 K and 0.68 + 0.05 at T = 220 K.
Rattigan ef al.'® used continuous photolysis with UV absorp-
tion spectroscopy, measuring k;, over the temperature range
T = 293-343 K. Their values are amongst the lowest to date
and this is the only study indicating a positive temperature
dependence for channel (1b). Rowley er al.!” employed flash
photolysis with the inclusion, for the first time in a gas kinetics
study, of a two-dimensional charge-coupled device (CCD)
detector for monitoring both wavelength and time resolved
absorptions. The rate constants obtained in their work agree
well with the studies of Mauldin et al.’ and of Langar et al.'*
Both Laszlo er al.'® and Bedjanian et al.* studied the BrO
self-reaction at ambient temperature, the first using laser flash
photolysis with UV absorption spectroscopy, the second
employing discharge flow coupled with mass spectrometry.

Table 3 Kinetic results from simultaneous fitting to both [BrO], and A[O3], traces. Errors are 2o, statistical only

1 1

T/K k1a/107'% cm® molecule ™' 57! k1,/107"% em® molecule ™' s~ k1/107"2 cm® molecule ™' s~ kia/ k1

265.5 3.14£0.3 6.93 £ 0.1 383+£0.3 0.82 £ 0.01
272.5 322+0.3 6.73 £ 0.04 390 £ 0.3 0.83 £ 0.01
279.9 2.99 £+ 0.33 6.29 + 0.02 3.62+£0.3 0.82 £+ 0.02
287.4 3.00 + 0.2 6.21 £ 0.1 3.62 £0.2 0.83 £ 0.007
298 2.81 £+ 0.09 5.75 £ 0.07 3.39 £+ 0.08 0.83 £ 0.005
302.4 232+04 6.03 + 0.1 292+04 0.79 £+ 0.02
309.5 3.30 £ 0.6 6.40 £ 0.2 3.94 £ 0.6 0.83 £ 0.02
315.5 3.56 +£ 0.4 6.30 £ 0.2 420+ 0.4 0.85 £+ 0.01
320.6 2.55+0.5 591 +0.1 314+ 0.5 0.81 + 0.03
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Table 4 Arrhenius parameters

kla klb
A/107"2 em® molecule ™! 7! —E,/R/K A/107'* ecm® molecule ™' s —E,/R /K
JPL-NASA? 2.4 40 2.8 860
IUPAC* 2.7 0 + 200 29 840 + 200
Harwood et al.”! 531 + 1.17 211 + 59 1.13 + 0.47 983 + 111
Cox et al.'? 29+ 28 259 + 208
This work (fit to [BrO], alone) 34 £ 10 182 £ 91
This work (simultaneous fit to [BrO], and A[Os],) 1.92 £ 1.54 126 + 214 34 £8 181 £ 70
10-11
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Fig. 4 Arrhenius plot for k| (k; = ky, + kyp): this work (blue circles and
blue linear fit), Harwood er al*' (orange squares), Turnipseed et al.'®
using O + Br, (brown triangles), Turnispeed e7 al. using Br + O3 (purple
triangles), Sander e al® (pink diamonds), Mauldin e al.® (green inverted
triangles), Gilles et al.' (light-blue triangles) along with JPL-NASA
recommendation® (red line). Errors from Harwood et al. are g, as stated
by the authors. Errors from this work are 2o, statistical only.

10 o
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Fig. 5 Arrhenius plot for ky,: this work (blue circles and blue linear
fit), Harwood et al.?' (orange squares), Mauldin ez al.® (green inverted
triangles) along with JPL-NASA recommendation® (red line). Errors
from Harwood et al. are 10, as stated by the authors. Errors from this
work are 2g, statistical only.

Their findings are in good agreement with previous work.
Gilles et al.' used laser photolysis coupled with UV

Fig. 6 Arrhenius plot for kyy,: this work (blue circles and blue linear
fit), Harwood er al®' (orange squares), Sander and Watson from
measurement of second-order BrO decay® (pink diamonds), Sander
and Watson from measurement of quantum yield of Os destruction®
(purple triangle), Cox et al.'* (black squares), Mauldin er al.® (green
inverted triangles) along with JPL-NASA recommendation® (red line).
Errors from Harwood et al. are 1o, as stated by the authors. Errors
from this work are 20, statistical only.

absorption spectroscopy to measure the overall rate constant
k1 over the temperature range 7' = 204—388 K and at pressures
p = 6-15 Torr. A negative temperature dependence for k| was
observed, with higher values of the rate constant than those of
Sander and Watson and Turnispeed et al. The study by
Harwood er al?! is the most extensive to date, considering the
temperature (7" = 222-298 K) and pressure (p = 100-760 Torr)
ranges over which the BrO self-reaction was characterised.
Similarly to the work of Rowley et al., flash photolysis with
UV absorption spectroscopy using CCD detection was used to
measure the rate constants of both channels. A negative
temperature dependence of the rate constants was observed
throughout, in agreement with almost all previous work. In
addition, the overall rate coefficient k; was found to be
dependent on pressure at temperatures below 7" = 250 K. This
finding disagrees with Sander and Watson, who observed no
pressure dependence at 7 = 223 K but agrees with Mauldin
et al., who reported a pressure-dependent k; at 7 = 220 K.
The overall rate constant of the BrO self-reaction, ki, from
this work is in good agreement with the findings of Gilles
et al.'® Unsurprisingly, the current JPL-NASA recommendation®
(partly based on the work of Gilles et al.—see Introduction) lies
within the error range at most experimental temperatures but
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Fig. 7 Branching ratio for channel (1a) as a function of temperature:
this work (blue circles and blue linear fit), Harwood er al.?' (orange
squares), Turnipseed er al.'® (purple triangles), Sander and Watson
from measurement of second-order BrO decay® (pink diamonds),
Sander and Watson from measurement of quantum yield of O;
destruction® (purple triangle), Cox er al.'? (black squares), Jaffe and
Mainquist’ (bright green solid line with upper and lower uncertainty
limits in bright green dashed lines) Mauldin et al. (green inverted
triangles) along with JPL-NASA recommendation® (red line). Errors
from this work are 20, statistical only.

does exhibit a stronger temperature dependence which becomes
more evident at higher temperatures. However, extrapolation
of data from this work to temperatures more relevant to Polar
Regions is in relatively good agreement with the JPL-NASA
evaluation.

On the other hand, the values obtained for the rate con-
stant of channel (1a), ky,, in this work show a slightly more
pronounced temperature dependence than that reported in the
current JPL-NASA evaluation.?? The parameterisation from
the present work suggests larger values of &k, at low tempera-
tures: extrapolation of our data to 7 = 250 K results in ky,
13% higher than JPL-NASA and 42% higher than Harwood
et al.”" The divergence between the two temperature dependences
becomes more manifest at 7 = 220 K, where extrapolation
of data from the present work is approximately 20% higher than
JPL-NASA recommendation. The scatter of the points in the
Arrhenius plot for k, arises principally from the lower signal-
to-noise ratio of the ozone kinetic traces, compared to those
for BrO. However results from this study lie within current
JPL-NASA uncertainty limits.

The temperature dependence of k, obtained in this study is
in very good agreement with that of Cox er al.'* but it is
noticeably weaker than both the JPL-NASA recommendation
and previous work from Sander and Watson,® Mauldin et al.’
and Harwood et al.2' Over the relatively narrow experimental
range used in this work (of about 55 K), values of &k, vary by a
factor of 1.1 whereas the JPL-NASA recommended values
vary by a factor of 1.7. The JPL-NASA recommended value
for ki, at T = 250 K is 25% greater than the value extra-
polated from this work.

Unsurprisingly, as the k;, measured in this work is greater
than the JPL-NASA recommendation at low temperatures
and k;, has a much weaker negative temperature dependence
than that evaluated by JPL-NASA, the branching ratio from this
work reflects a net dominance of channel (1a) over channel (1b)

not only at ambient temperature, but also at temperatures typical
of Arctic Boundary Layer. The JPL-NASA recommendation is
based on data from Cox et al.'> and Mauldin er al.;® the
evaluation for o is 0.84 at 7 = 298 K and 0.68 at 7 = 220 K.
Most studies, including the present one, agree on the partitioning
at ambient temperature. However, extrapolation of our results
to T = 220 K gives a value of « = 0.81, indicating a
significantly less pronounced temperature dependence of the
branching ratio and a different partitioning of the products of
the BrO self-reaction at temperatures typical of the Arctic
Boundary Layer, as discussed below. However, given the
evidence of a termolecular component to the BrO self-reaction
at T < 250 K (at the concentrations used in this and other
laboratory studies), the assumption of a branching ratio based
on a two-channel mechanism may be inappropriate, indicating
the need for further studies.

The study from Jaffe and Mainquist’ reports a parameteri-
sation of the temperature dependence of the ratio ky,/k;1, from
the analysis of bromine photosensitised decomposition of
ozone in the range T = 258-333 K. Their values of ky,/k;p
are obtained from the quantum yields for ozone decomposition
based on the assumption that Br atoms are in steady state. The
branching ratio for channel (1a) is related to ky,/ky, via:

el e

Values for o were calculated from Jaffe and Mainquist’s ky,/k;p
using eqn (x) and are shown in Fig. 7. They agree well with the
branching ratios measured in this work and with those recorded
by Cox et al.'?

The values of k; from this study are higher than those
reported by Sander and Watson,® Turnipseed er al.'> and
Harwood et al.>' Data from Sander and Watson were recorded
at three temperatures between 7" = 223 K and 7 = 388 K,
data from Turnipseed ez al. at three temperatures over the
range T = 253-400 K, data from Harwood er al. at three
temperatures in the range 7 = 250-298 K. Harwood et al.
recorded data at two temperatures below 250 K; however,
since the same authors observed that Arrhenius behaviour is
lost below 250 K, these two data points have been excluded
from this discussion. The temperature dependence from
Sander and Watson only relies on three points, one of which
lies below T = 250 K: the authors observed no pressure
dependence at T = 223 K, whereas both Mauldin et a/. and
Harwood et al. reported pressure-dependent rate constants at
very similar temperatures (77 = 220 K and 7 = 222 K
respectively). The temperature dependences observed by both
Harwood et al. and Turnipseed et al. also carry noteworthy
statistical uncertainty since they rely on three temperature
measurements only.

On the other hand, the current study measured the kinetic
parameters of both channels at nine temperatures and it is
similar in extent to the work of Gilles er al.,'® whose values of
ky are in very good agreement with those reported here. Gilles
et al. studied the BrO self-reaction at nine temperatures but
over a much broader T range (7 = 204-388 K). The narrower
temperature range used this in work (7" = 265.5-320.6 K) was
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dictated by several reasons: Harwood et al. observed pressure-
dependent rate constants below 250 K and attributed the
deviation from linear Arrhenius behaviour to the termolecular
association channel leading to the dimerisation of BrO. To
avoid the onset of potential complicating non-bimolecular
BrO decay and to avoid condensation of Br, in the reactive
mixture (melting point of bromine: 265.8 K), 7" = 265.5 K
was chosen as the lowest temperature. The upper temperature
limit was dictated by limitations of the thermostatting unit
set-up.

Since the second-order nature of BrO decay gave rate
constants dependent upon absolute concentrations, and hence
absorption, of BrO radicals, discussion of the BrO cross-
section employed in previous studies®®?! where BrO was
monitored using UV absorption spectroscopy is necessary.
Both Harwood er al.>' and Mauldin et al.’ used the BrO cross-
section measured by Wahner ef al.?® Direct comparison of the
oo measured by Wahner et al. and Wilmouth er al.,® whose
cross-section was used in the present work, is possible as both
reported op.0 at a spectral resolution of 0.40 nm FWHM.
Wabhner et al. report a value for op,o at the (7,0) vibronic
peak (4 = 338.5nm) of 1.55 x 107'7 cm? molecule !, whereas
Wilmouth et al. measured a very slightly higher cross-
section of 1.58 x 107'7 cm® molecule™" for the same spectral
band.

Accounting for the different cross-sections on second-order
kinetic studies allows scaling of correct kinetic parameters
to equivalent cross-sections. The values of k; reported by
Harwood et al. and by Mauldin er al. are respectively
ca. 14% and 18% lower than k; from this work at 7" = 298 K.
When scaled up to the cross-section from Wilmouth et al., these
values are very slightly different, and respectively 13% and 16%
lower than k; from this work.

Sander and Watson® measured the BrO cross-section at the
(7, 0) band at all experimental temperatures (77 = 223, 298 and
388 K) at a resolution of 0.09 nm FWHM. Their value of
opo at T = 298 K is (1.14 £ 0.14) x 1077 cm? molecule !,
lower than the ones reported by both Wahner er al.,”
(1.55 £ 0.13) x 107" cm? molecule_l) and by Wilmouth
et al.,’ 1.58 x 10717 cm? molecule ™!, both reported at a lower
resolution (0.4 nm FWHM). This is unexpected since, as
the peaks of structured spectra become sharper at higher
resolution, the cross-section reported by Sander and Watson
might be expected to exceed those measured by Wahner et al.
and Wilmouth et al. at lower resolutions. Both Wahner et al.
and Gilles et al. argue that Sander and Watson did not
actually measure op,o at the peak of the (7, 0) band, which
is reported at 2 = 338.5 nm: Sander and Watson measured
the BrO cross-section at 4 = 339 nm, hence missing the peak
and recording a noticeably lower BrO cross-section. For

comparison purposes, oo at 4 = 339 nm reported by
Wilmouth et al. (obtained from the reported spectrum)
is 1.27 x 107" ecm? molecule™!, in good agreement with

Sander and Watson despite the lower resolution (which affects
the tails of spectral peaks to a lesser extent than the peak
itself). The same comparison holds for the other two tempera-
tures reported by Sander and Watson: at T = 223 K, they
measured op;0 (1.56 + 0.14)x10™"7 cm? molecule™
(cf. 1.47 x 1077 cm® molecule ™' at 2 = 339 nm, interpolated

from Wilmouth et al.) and at T = 388 K, they measured
oo = (0.96 + 0.12) x 107! cm? molecule™! (¢f. 1.02 x
1077 c¢m? molecule™ at 1 = 339 nm, interpolated from
Wilmouth ef al.).

The BrO cross-section determined by Gilles et al.'®
at a resolution of 0.5 nm FWHM for the (7,0) band
(1.63 x 1077 cm? molecule™!) is in good agreement with
that of Wilmouth es al.® degraded to the lower resolution
(1.56 x 1077 cm? molecule™"). k; reported by Gilles ez al. is
3.6% higher than the one from this work at 7 = 298 K; after
scaling to the cross-section used in this work, they agree
within 0.8%.

Turnipseed er al.'’ measured k; using discharge flow
coupled with mass spectrometry. Their method therefore did
not rely on the determination of the BrO cross-section. They
obtained two values for k;, one from O + Br, and one from
Br + Os. These values of k; at T = 304 K are respectively
ca. 31% and 34% lower than interpolation from the results of
the present study to the same temperature. The reason for this
discrepancy remains uncertain.

4.3 Sensitivity analysis

Sensitivity to uncertainties in the absorption cross-section of
BrO from Wilmouth er al.® was also taken into account. These
authors report an error of +11% for the differential cross-
section of the (7, 0) band (4 = 338.5 nm) at 7 = 298 K.
A sample [BrO] trace at T = 298 K was therefore perturbed by
a factor of 11% and fit to the FACSIMILE model. The values
of ki, and ki, obtained from the fit to the perturbed traces
were within respectively 25% and 10% of the values resulting
from fitting to the unperturbed traces.

Sensitivity studies were also undertaken to ascertain effective
masking of channel (1a) under our experimental conditions and
to assess the effect of secondary chemistry.

A FACSIMILE? model of the BrO self-reaction was
developed including reactions (1a), (1b) and (2) and sensitivity
of the BrO decay to channel (1a) was tested for different ozone
concentrations. The optimal ozone concentration in the precursor
mixture had to be high enough to ensure prompt conversion of
Br atoms produced by channel (1a) into BrO via reaction (2);
however, the higher the concentration of ozone, the poorer the
signal due to the large absorption cross-section of O, and
therefore weaker signal, in the near-UV. Sensitivity of the BrO
decay to channel (1a) at different [O3] was tested by perturbing
k1, by a factor of two and refitting the simulated decay to
extract the overall rate constant. It was found that, at ozone
concentrations of (1-2) x 10'® molecules cm >, as used in this
work, the overall BrO decay was independent of k;, and
depended solely on kjy,.

Rowley et al.'” observed Br,O formation at relatively high
[BrO]/[O;] ratios (> 10~3) via reaction (4):

Br + BrO + M - Br,O + M @)

Since the [BrO]/[O;] ratio in this work fluctuated between
(2-6) x 1073, contribution of reaction (4) to the observed BrO
decay had to be taken into account. FACSIMILE simulations
were run including reaction (4) in the kinetic model, with rate
constant expressed as k, = 1.9 x 107! exp(1370/7) as

This journal is © the Owner Societies 2011

Phys. Chem. Chem. Phys., 2011, 13,7997-8007 | 8005


http://dx.doi.org/10.1039/c0cp02847a

Published on 25 March 2011. Downloaded by University of Cambridge on 27/01/2016 14:06:54.

View Article Online

determined by Harwood ef al.?' Simulations showed that, at

the precursor concentrations used in the present work, [Br,O]
reached a maximum concentration over the timescale of
the experiments of approximately 3 x 10'' molecules cm >
at T = 298 K and 5 x 10" molecules cm™> at T = 265.55 K,
two orders of magnitude smaller than the observed BrO
concentrations.

BrO traces were also simulated using two FACSIMILE
models: one excluding and one including reaction (4). The
simulated BrO decays were then fitted to the standard solution
for —d[BrO]/dt, eqn (vi). The values of k;, extracted from the
trace simulated with the inclusion of reaction (4) were 0.7%
and 1.2% higher than the ones obtained from the model
without reaction (4) at 7" = 298 K and T = 2655 K
respectively. Moreover, the Br,O spectrum exhibits a peak at
J = 312 nm of 222 x 107'® cm? molecule™,** and no
appreciable evidence for Br,O absorbance was found after
spectral subtraction of the BrO and Oj; contributions to the
recorded spectra (Fig. 1).

OBrO formation via:

BrO + O; - OBrO + O, ®)

was observed by Rowley ef al.'” at very low [BrO]/[O5] ratios
(< 10~%). This ratio is too low compared to that resulting from
the concentrations used in this work: ozone concentrations in
the order of at least 10'7 molecules cm > are necessary for
reaction (5) to effectively compete with reaction (1).

Harwood et al?' observed pressure dependence of the
overall rate constant k; at temperatures lower than 250 K.
This behaviour was attributed to the BrO dimerisation reac-
tion, analogous to the ClO dimerisation reaction: 2

BrO + BrO + M s Br,0, + M (6,—6)

As the lowest temperature in the present study is 7 = 265.5 K,
it is highly unlikely for reactions (6,—6) to occur, on the basis
of previous studies.

4.4 Atmospheric implications

Despite being of minor significance in the stratosphere due to
low BrO mixing ratios, the BrO self-reaction is very important
in the troposphere, especially in the Arctic Marine Boundary
Layer during springtime, when BrO concentrations are
relatively high. This work measured a significantly weaker
temperature dependence of the partitioning of channels (1a)
and (1b) than the current JPL-NASA?® recommendation. Our
findings imply that channel (1a), which directly depletes ozone,
dominates the branching of reaction (1) at temperatures
typical of the Arctic Boundary Layer to a greater extent than
currently thought. Therefore the partitioning between active
(Br) and inactive bromine (Br,) could be shifted towards
the former, leading to a potential increased ozone-depleting
efficiency of the BrO catalytic cycle.

5. Conclusion

The BrO self-reaction has been characterised as a function of
temperature in the lower tropospheric regime. Arrhenius

expressions for both channels and for the overall reaction (1)
were derived. The temperature dependence of the extra-
polated overall rate of reaction (1) is in good agreement with
the current JPL-NASA recommendation;> they agree within
6% at T = 250 K. However the branching of the BrO self-
reaction determined in this work shows a weaker temperature
dependence than previously determined with implications for
the ozone-depleting efficiency of the BrO self-reaction in
regions such as the Polar Boundary Layer.
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