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The flash photolysis/UV absorption technique has been used to study the self-reaction of BrO radicals over
the temperature range 22298 K and the pressure range 360 Torr of N or O,. Two chemical sources

of BrO radicals were used: photolysis of,Bn the presence of excess ozone and photolysisahGhe
presence of excess BrThe overall rate constari, for the BrO self-reaction (defined byd[BrO]/dt =
2k;[BrO]?) was found to be temperature and pressure independd@nt £250 K, withk; = (2.88+ 0.20) x

1072 cm?® molecule® s71. At temperatures below 250 K; was found to be pressure dependent, due to the
emergence of a new termolecular channel of the BrO self-reactiorIic,forming the BrO dimer, BO,

(BrO + BrO + M = Br,O, + M). Channel-specific rate constants were determined for the two bimolecular
channels of the BrO self-reaction above 250 K, giving for (1a) (Bfr@rO — 2Br + O,) ki = (5.31+

1.17) x 10712 expf (—211 + 59)/T} cm?® molecule! st and for (1b) (BrO+ BrO — Bry + Oy) kyp = (1.13

+ 0.47) x 10 exp{ (983 £ 111)T} cn? molecule* sX. Below 250 K, the overall rate coefficient of the

two bimolecular channels is reduced as the dimer forming channel emerges. At 235 and 222 K, rate constants
for the formation ki) and decompositiork(,c) of Br,O, were recorded. Using the values ¥, AH; for
reaction 1c was estimated a$8.6+ 0.1 kJ mott. A UV absorption spectrum attributed to B8y was also
recorded over the wavelength range 3@®0 nm. The cross section of the smooth@yr spectrum was

found to be 1.2x 10*cn? molecule® at 320 nm. These results are rationalized in terms of a mechanism
of the BrO self-reaction that shows competition, at low temperatures, between collisional quenching and
unimolecular dissociation of an excited BrOOBr* intermediate. The rate constant for the reaction of oxygen
atoms with molecular bromine was also determined in the course of these experiment8rfG—~ BrO +

Br (5)], giving ks = (5.12+ 1.86) x 10712 exp{ (989 91)/T} cm® molecule* s™. All errors are b. The
atmospheric implications of these results are discussed.

Introduction channels: one producing atomic bromine (1a) and the other
The BrO radical is an important intermediate in the atmo- Producing molecular bromine (1b). The most recent recom-

spheric breakdown of bromine-containing compounds and is Mendation DeMore et &l. gives the following Arrhenius
involved in several cycles leading to the destruction of €XPressions for the two channels that are used in current
atmospheric ozone. The reaction between BrO and CIO is anchemical models of the atmosphere.

important contributor to stratospheric ozone loss in both polar
regions and midlatitudé’s. In addition, in the tropospheric BrO+BrO—Br+Br+0,

marine boundary layer in Arctic regions during springtime, large ki,=2.4x 10 2 exp(40M) (1a)
concentrations of BrO have been obser¥eohd concomitant

losses of ozone have been attributed to the chemistry of BrO.BrO + BrO— Br, + O,

Considering the importance of BrO in the atmosphere, there k.=28x 10 exp(860T) (1b)
remain uncertainties in the kinetics and mechanisms of its gas- 1b '
phase reactions, such as the self-reaction of BrO radicals. This
reaction may well play a part in ozone loss in the troposphere
and must also be taken into account when studying other

reactions of BrO (e.g., the atmospherically crucial BFGHO, N ;
: . . second-order kinetic decay of photochemically produced BrO
and BrO+ CIO reactions) in the laboratory. In this paper we by UV—visible absorption spectroscopy (AS) of mass spec-

present a study of the self-reaction of BrO as a function of trometry (MS). In other studies, production of BrO in the

ressure and temperature in an attempt to increase the under-
gtanding of this erc))cess. This paper ch))ntinues from the work Presence of excess ozone allowed the rate of channel (1b) only

. . : . to be measured due to the rapid regeneration of BrO through
4 :
of Rowley et al4 in which the BrO self-reaction was studied the reaction of Br, formed in channel 1a, with:O
at room temperature.

There have been numerous previous studies of the BrO self- Br+0O.—BrO+ 0O )
reaction>~1® indicating that the reaction proceeds by two 3 2

The experimental evidence for this two-channel mechanism
is strong. Previous studies have determined the overall rate
constant for reaction 1k{ = kia + kip) by monitoring the

*To whom correspondence should be addressed. E-mail: rowley@ Which leads to the “masking” of channel 1a. In addition, studies
atm.ch.cam.ac.uk. of the quantum yields for Brphotosensitized decomposition
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of ozone (e.g., ref 10) have been used to determine the branching Source
ratio kis/(Kia + Kip). Lamp
While most studies of the BrO self-reaction have measured Cotlimating
the rate of disappearance of BrO, there have been some direct ‘
studies of the reaction products. The formation of Brthis
system was observed both by emission from electronically
excited Bp” and by MS!2 and kinetic parameters for channel
1b have been determined directly by monitoring the production
of Bry in reaction 1 by M% and by AS'® While Br atoms
themselves have not been directly observed as products from
reaction 1, their production has been inferred from the con-
comitant consumption of ozone in reaction 2 (e.g., ref 6).

The temperature dependencekphas been studied by three
groups: Sander and Watsbifurnipseed, Birks, and Calve,
and Mauldin, Wahner, and Ravishankarhe first two studies
showed excellent agreement fqr exhibiting a slightly negative
temperature dependence. In addition, Sander and Watson found Dichroic
ki to be independent of pressure in the range &05 Torr. The Reflector
agreement with the work of Turnipseed, Birks, and Calvert at Laser
2 Torr total pressure supports this finding above 253 K (the Filter ¢
lowest T of Turnipseed et al.'s work). However, at lower FOCL‘;S;“:% Readout
temperature (220 K), Mauldin, Wahner, and Ravishankara report
a pressure dependence kain contrast with the study of Sander
and Watson.

The observation of a negative temperature dependence for time|
channel (1b), and a pressure dependenck; fandkyy,,® strongly Storage region \
suggest that reaction 1 proceeds via a complex-forming bimo- s
lecular mechanism. Radicafadical reactions of this type often  rigre 1. Schematic diagram of the apparatus used in this study.

proceed on attractive potential energy surfaces. One proposedsource lamp light, having passed through the reaction cell, is dispersed
mechanisrdinvolves the formation of a vibrationally excited and imaged across the top rows of the 2-dimensional CCD array. Charge
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intermediate (BO,*): shifting is then used to move the signal generated by incident light,
into the storage region of the device, thereby recording rapid, sequential
BrO + BrO = Br,0,* ks)gt;(r:;ra. The excimer laser beam counterpropagates the source light

Br,0,* + M =Br,0,+ M the reaction. This study makes use of a recently developed

apparatus for gas-phase kinetics which allows more rapid time-
resolved absorption spectroscopy of transient species than has

Br,0, — BrOO + Br hitherto been possible in such studfes.

Br,0,* — BrOO + Br Experimental Section
The experimental technique used for the work described here
Br.O. —Br.+ O was flash photolysis with time-resolved UWisible spectros-
272 2 2 copy. Charged-coupled-device (CCD) detection was used to
monitor the decay or evolution of chemical species. The
Br,0,* — Br, + O, apparatus has been described in detail previctaly a brief
summary is given here along with a full description of the
BrOO— Br + O, recently installed laser photolysis system. A schematic diagram

of the apparatus is shown in Figure 1.

Gas mixtures were prepared in a gas manifold using calibrated
mass flow controllers (MKS 1159B) and glass “rotameter” flow
meters (Glass Precision Engineering Ltd. RS1-3). These

Owing to the paucity of temperature- and pressure-dependent,
studies of this reaction, it is still not clear whether channels 1a

and 1b proceed directly or via the £)* intermediate which mixtures were made to flow into a triple-jacketed quartz reaction
has sufficient lifetime to be collisionally stabilized, or indeed g whose temperature could be regulated in the range-200
by both mechanisms. It is also possible that the dimer of BrO 350 k o within 0.5 K using flowing liquid (Galden HT90
may exist as a stable product of the reaction at low temperaturesyerfiyoroether) from a recirculating unit (Huber HS80). Gases
as is the case in the CIO self-reaction (e.g., ref 18). There is were pumped through the cell, where necessary, allowing cell
some evidence for the collisionally stabilized,8 species; pressures in the range 5@60 Torr to within 1 Torr to be
Mauldin et al> observed a transient, spectrally smooth absorber majntained. Reaction initiation was achieved by photolysis
in a flash photolysis study of the BrO self-reaction at low ysing one of two light sources: a xenon flashlamp (Q-Arc Ltd.)
temperatures which they assigned to the BrO dimer. placed adjacent and parallel to the reaction cell giving ca. 500
In this work, we have attempted to elucidate the kinetics and J/pulse of wavelengths 18000 nm or an excimer laser. The
mechanism of the self-reaction of BrO radicals through a laser (Lambda-Physik COMPex 200) was operated at 193 nm
detailed study of the temperature and pressure dependence oand gave pulse energies from 200 to 400 mJ/pulse. The laser
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TABLE 1: Absorption Cross Sections for Measurement of Detected Species

cross sectioris resolution detection limit/

absorber cn? molecule® (A/nm) (fwhm)/nm temp available/K molecules cm?® ref

BrO 1.55x 1017 0.4 298, 228, 213 ¥ 101t 21
(338.66Y%

0Os 3.83x 10718 0.1 295, 243, 220 X 102 5 x 1015¢ 22
(280)

Br; 3.02x 10719 e 1x 10 23
(380)

Br,O 2.06x 10718 0.6 298 1x 10 24
(310)

OBrO 1x 10°t7d 1.7 298 1x 102 4
(495.5)

aValues are quoted at a single wavelength at the source resolution as a guide to the cross section used. Species concentrations were determined
by spectral fitting across a range of wavelengths, using “differential fitting” for structured spectra. See text for tetsils of the (7 0) band.
¢ Detection limits given respectively for the Hartley band and the Huggins béi@tess sections as assumed in Rowley ét aParametrized.

beam was passed longitudinally through the reaction cell. The
beam exiting the laser was collimated and beam expanded
horizontally using a pair of fused silica cylindrical lenses
(Exitech Ltd.) and steered along and out of the reaction cell
using dichroic reflectors (Exitech Ltd.) on precision gimbal
mounts (Melles Griot Ltd.). The laser beam filled the internal
diameter of the cylindrical reaction cell. The laser beam energy
was monitored both at the laser exit (Lambda-Physik internal
powermeter) and at the beam dump using a joulemeter (Molec-
tron Ltd.). Careful checks were made to ensure that no
significant longitudinal concentration gradients of the photolyti-
cally generated species were produced in the _reactlon_vessel. 0280 200 320 340 360 380 400
The concentrations of precursor gases, reacting species, and Wavelength /nm -
products within the cell were measured by bVisible absorp-  rigyre 2. Reference absorption spectra of BrOs, Br,0, and Bg
tion spectroscopy. Analysis light, from a 30 W continuous ysed in the spectral fitting, shown at the instrumental resolution of 1.7
xenon lamp (Q-Arc Ltd.), was passed once through the 1 m nm fwhm.
reaction cell, dispersed, and imaged, using a 0.25 m astigmatic
spectrograph (Chromex 2501S) onto the optical detector. The Before use, literature cross sections were subject to several
detector used was a 2-dimensional charged coupled device arrayadjustments to account for differences in the conditions under
(EEV CCDO05-10-0-202) consisting of 1152 (rows) by 298 which they were recorded and those employed in this work.
(columns) of detectors (pixels) which was masked so that only Such adjustments, which have been described previddsly,
the top 30 rows of pixels were exposed to incident light. The included smoothing of literature spectra to match the instrument
spectrum of the analysis light was imaged across the top, function recorded in this work, recalibration of literature spectra
exposed, pixels of the CCD array, and charge transfer was usednto the wavelength grid recorded in this work (which was
to move signal into the masked region of the device to record determined using a Hg/Zn/Cd lamp), and wavelength shifting
time-resolved sequential spectra. After each experiment thethe literature spectra by very small degrees (ususllyl nm)
signals were digitized and transferred to a personal computerin order to further optimize the fit to recorded spectra. The
for averaging and analysis. quality of the fit of literature to experimental spectra was very
Two types of spectral analysis were performed: absorbancesensitive to the exact wavelength alignment of the two spectra,
spectra of gas mixtures in the reaction cell without photolysis particularly for structured spectra, and wavelength shifts were
were produced by ratioing equivalent spectra from successivenecessary to account for small drifts in the wavelength calibra-
CCD exposures with and without the gas mixture present, usingtion of the spectrograph during the course of experiments.
Beer’s law. For photolysis experiments, the flashlamp or laser Additionally, in this study, temperature-dependent absorption
was operated during the recording of sequential time-resolved cross sections of species were used where appropriate. Where
spectra, and each time-resolved spectrum was ratioed to thetemperature-dependent spectra were not available, suitable
average preflash intensity to calculate absorbance. In this caseinterpolation between available data was used to generate spectra
postflash spectra shoshangesn the absorbance bought about at the appropriate temperature.
by the photolysis flash and subsequent chemistry. In this work, a 150 grooves/mm grating was used with 50
Postflash spectra were analyzed by numerically fitting cross um wide spectrograph inlet slits. This gave a total spectral
sections for the species of interest to each observed postflasitoverage of 130 nm at a resolution of 1.7 nm fwhm. The cross
absorption spectrum as described previodslWhere the sections used for all the species monitored in this study and
species of interest had structured absorption spectra, differentialtheir sources are described in Table 1, and the reference spectra
spectra were produced by appropriate filtedfand similarly of BrO, Br,, Br,O, and Q are shown in Figure 2. Typical
filtered reference spectra were fitted to the observed differential detection limits for each species using differential fitting over
absorption, using the least-squares technique. As many of thea convenient spectral range, for a signal-to-noise ratio of 1, are
rate parameters measured are linearly dependent upon the valueslso given in Table 1.
of the absorption cross sections used, careful attention was paid Two distinct chemical sources of BrO radicals were used in
to ensure that accurate cross sections were used. Referencthis study. In the first, the xenon flashlamp was used to
cross sections were either measured or taken from the literature photolyze Bp [(1—5) x 10 cm™9] in the presence of excess
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ozone [(5-100) x 106 cm~3], with the photolytically produced 0.25 . . : .
Br atoms reacting rapidly with ozone to produce BrO: 000

Br, + hv — Br + Br 3) % 0.15 |

Br+ O,— Bro + O, ) g 0100 b

E 0.050 |

In this system, a Pyrex sleeve was placed around the flashlamp 2
to prevent transmission of photolysis light at wavelengtB80 0.0
nm and thus prevent significant photolysis of ozone. Experi- -0.050 ) 1 L .
ments verified that this was the case: o0zone concentrations were 290 310 330 350 370 390
unchanged within our detection limits (2 10'2 cm™3) when Wavelength fun
flashing Q/N, mixtures. Figure 3. Postflash absorption spectra generated following flashlamp

photolysis of Bg/Os/O, mixtures at 298 and 235 K. Spectra are

In the second radical generation system, the excimer Iasergenerated relative to preflash intensities and therefore represamyes

was used to photolyze molecular oxygen [bath gas: «8.3) in absorption bought about by the photolysis flash and subsequent

x 10%m~3] in the presence of excess brominef@0) x 106 chemistry.

e allowing this channel to contribute partially to the BrO decay.
O, + v — O(P)+ OCP) @) Br + BrO (+M) — Br,0 (+M) )
OCP)+ Br, —~ BrO + Br ®) Br + Br+M — Br, + M (8)

In both systems, BrO generation took place rapidly relative to
the time scale of its subsequent removal. Typically, initial
concentrations of BrO betweenss 1013 and 4 x 10 cm™2
were generated, in carrier flows of oxygen/nitrogen (in the Br
photolysis system) or oxygen (in the, @hotolysis system).
Experiments in both systems were carried out over the temper-
ature range 222298 K and from 100 to 760 Torr total pressure.

Bromine (BDH, stated purity 99.9%) was degassed several
times using successive freezgump—thaw cycles prior to use.
Nitrogen (Distillers MG,>99.995%) and oxygen (Distillers MG,
>09.99%) were used as supplied. Ozone was prepared a
required by passage of oxygen through a discharge ozonize
(Argentox GL10).

The use of separate chemical systems for the generation of
BrO radicals in this work allowed different aspects of the

Furthermore, the reaction between Br atoms and ozone (3) has
a positive temperature dependeHoshereas that between Br
and BrO accelerates rapidly at low temperatiéfesThus,
experiments carried out in this work at low temperatures were
performed with concentrations of ozone high enough to ensure
that any Br atoms formed in channel 1a were consumed by
ozone and not by BrO. It was unavoidable, however, that high
instantaneous concentrations of Br and BrO coexisted im-
mediately after the flash, and some,Brwas formed in this

eriod, particularly at the lowest temperatures. Numerical

imulation of the reaction system using FACSIMASBhowed
"that, under all experimental conditions used in this work, the
Br,O formed in the flash would play no further part in the
kinetics. To verify this, BfO was monitored as a function of

time by virtue of its vibrational structure between 350 and 380
Mm, and as expected, the concentration e{Bonce formed,
remained constant, [Br] being too low after the photolysis flash
to form further BpO or to remove it in reaction 9:

are therefore presented separately.

Results

Photolysis of Br, in the Presence of Q. The decay of BrO Br+ Br,O— Br, + BrO (9)

radicals by their self-reaction is expected to be second-order ) . . .
kinetically. Moreover in the presence of excess ozone, any '€ use of low [BrOJ/[Q] ratios to limit Br,O formation raised

bromine atoms produced in channel 1a of the BFOBrO the possibility that the reaction between BrO angch@ght affect
reaction are rapidly reconverted into BrO by reaction with ozone. the kinetic d4ecay of BrO at low temperatures. As shown by
Consequently, this channel has no effect on the observed BroRoWley et al} at 298 K ozone concentrations in excess of’10

kinetics, and the observed BrO decay represents channel (Lbjnolecules cm? led to production of observable OBrO and a
only, as has been verified in several previous stutfiés: measurable deviation of BrO decay traces from second order.

Experiments were therefore performed here at 235 K with
—d[BrO]/dt = 2k, [BrO]? 0} deliberately low [BrO]/[Q] ratios to determine whether any
OBrO was formed. In contrast to the 298 K work, no
However, as described by Rowley et 4lthere are certain ~ characteristic OBrO absorption was observed, and possible

complications to this reaction system. At room temperature and complications from the BrOt Os reaction were discounted.
with very low (<10-4) [BrO]/[O4] ratios, the reaction between  This is in accordance with the work of Rattigan et'&which

BrO and Q occurs, producing OBrO: suggests that reaction 6 has a substantial positive temperature
dependence.
BrO+ O;— OBro+ 0O, (6) Experiments were performed at a range of pressures between

100 and 760 Torr and at the temperatures 298, 267, 250, 235,
This reaction disturbs the “pure” second-order nature of the BrO and 222 K. A typical postflash spectrum recorded from an
decay and adds a first-order component. In addition, at high experiment at 298 K is shown in Figure 3. The spectrum shows
(>1073) [BrO]/[O3] ratios (although keeping ozone in excess), the positive characteristically structured absorption due to the
the reaction between Br atoms and BrO (7) (and to some extentBrO formed and the negative absorption from thecGnhsumed
the Br self-reaction (8)) can remove some of the Br atoms by the photolytically generated Br atoms. Spectral fitting to
formed in channel 1la without regeneration of BrO, effectively successive postflash spectra gave the variation of BrO with time
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Figure 4. Temporal variation of [BrO] determined by fitting the BrO  Figure 6. Postflash spectra obtained at three different reaction times
spectral structure to successive spectra recorded by the CCD. The tracgin ms) after the flashlamp photolysis of B05/O, mixtures at 235 K.
shows BrO buildup and decay following flashlamp photolysis of Br  The spectral contribution of BrO has been subtracted from these spectra.
0O4/O, mixtures at 298 K. Also shown is the corresponding second-

order plot (1/[BrO] vs time) for these data.

As pointed out in their study, there are only two obvious
candidates for this new absorber: BrOO and@r Mauldin

20 ! ' >0 - et al. photolyzed Brin O, and saw no evidence for the BrOO
B st evuecd 40 B species. This experiment was repeated here at 235 K, and
» ,,..-,~'.s.~.:_.;<-.=‘-.'r“.~"¢5~".-'“"7”""*"‘ g similarly no absorption in the range 27890 nm was observed.
E, Lo b §od ,ﬁ,\"“" i 130 =2 (BrOO by analogy with CIOO would be expected to have a
j kY ,,f“ E strong absorption spectrum in this region.) While these negative
s 05} A 120 gw results could mean that BrOO is not stable at this temperature,
6 0.0 b /,' 110 ZT we have modeled this feaction system with FACSIMILE, using
g i e the rates for the chlorine analogues of reactions 10 and 11.
05 . . o The results show that the quantity of BrOO formed would be
0.01 0.02 0.03 0.04 expected to be below our detection limits anyway, if the reaction
time /s

Figure 5. BrO buildup and decay trace following flashlamp photolysis
of Bro/Os/O, mixtures at 235 K. Also shown is the corresponding
second-order plot (1/[BrQ] vs time) for these data, which shows distinct

nonlinearity.

between Br and BrOO is as fast as thetCCIOO reaction and
if BrOO and CIOO have similar absorption cross sections.
Br + O,= BrOO (20)

Br + BrOO— Br, + O, (11)

as shown in Figure 4. These decays were analyzed to determine
the rate constarky,. The integrated form of the rate eq i was

used Further experiments were therefore performed in which Br

was photolyzed in @where the bath gas was changed from
being all G to being predominantly (99%) N In both cases,
the same unknown spectrum was observed, and the absorption
showed the same temporal behavior, suggesting that the
unknown absorbing species was not involved in the equilibrium
step 10.
Considering this evidence against the new species being

BrOO and, by analogy with the CI& CIO reaction, we
onclude that the most likely candidate for the new absorber is
he BrO dimer (BsO). Inclusion of a reversible termolecular
reaction between BrO and BrO, giving the dimer (1c),

11
[BrO], [Broj,

+ 2t (ii)

1/[BrO] was plotted against giving a slope equal tokz,. Figure
4 shows a typical decay trace recorded at room temperature
and the associated second-order plot.

The decay of BrO was found to be second order at room
temperature, and the slopes of the second-order plots were foun
to be independent of pressure in the range-1080 Torr. The
mean value of the second-order rate coefficiény, at 298 K
was (3.124+ 0.12) x 10713 cm® molecule® s1. At lower
temperatures, the initial rate of decay of BrO increased and
below 250 K, the BrO decays were found to lose their second- g the reaction scheme in the FACSIMILE model allowed
order nature. Figure 5 shows a typical BrO decay recorded atthe complex kinetic decay of BrO to be successfully fitted. The
235 K and the corresponding second-order plot which Shows rate constants returned by FACSIMILE for reactions 1b and 1c
distinct nonlinearity. As the temperature was lowered, this were highly correlated, however, and the approach used by
deviation from second-order behavior increased, and an underly-Njckolaisen et at®in their analysis of CIO self-reaction kinetics
ing absorption was detected in the postflash spectra. This isyas therefore adopted. The experiments were performed as a
clear in Figure 3, where a postflash spectrum at 235 K is fynction of pressure, and the initial slopes of the second-order

compared to one recorded at 298 K. plots were measured to give a value for the overall initial second-
Figure 6 shows postflash spectra recorded at 235 K from three grger removal of BrO Knit) before sufficient BsO, had built
discrete times after the flash, the spectral contribution from BrO up for the reverse reactionlc to affect the BrO decay. In

having been subtracted. This underlying absorption spectruminis case the initial decay of BrO should be given by

consists of the contribution of the £ formed in the initial

postflash chemistry, the®emoved (negative), and a spectrally d[BrO]

smooth unknown absorber which decays with time. Tt
Mauldin et al® also observed an underlying absorption in their

studies of the BrO self-reaction at low temperature; however, wherekinir = (kip + kidM]). The values ofk,i; were plotted as

they observed no deviation from second-order kinetic behavior. a function of [M] for all temperatures studied here, and all plots

BrO+BrO+M=Br,0,+M (lc,—1c)

= 2(K)[Bro]? (iii)
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TABLE 3: Thermodynamics of the Reaction BrO + BrO =
Br,0,

init

1
10 15 20
[M] /10" molecule cm™

Figure 7. Plot of kint vs [M] for the initial second-order decay of BrO
after the flashlamp photolysis of BOs/O, mixtures at all temperatures
studied here: filled diamonds, 298 K; open diamonds, 267 K; open
circles, 250 K; open triangles, 235 K; filled triangles, 222 K.

35

TABLE 2: Rate Coefficients for BrO + BrO Reaction from
the Br, Photolysis System

ki¥107Bem?® ke H1072cemf ki ¥1078cem®  Kid/10-14cmd

T/K moleculels? molecule?s™? moleculels™?  molecule?!

298 3.12+£0.1

267 4,32+ 0.1

250 5.93+0.3

235 6.82+ 0.3 3.6+ 0.2 5.8+ 3.0 0.62+ 0.3

(3.2+5.00 (20 44)

222 8.3+ 2.2 8.2+ 1.1 2.5+ 0.5 3.3+ 0.8

(-5.24£4.9)  (77+51)

aAll errors are b. P Values in brackets are obtained from a three-
parameter fit to thek,; data of the formkiny = kip + kaidM]/(1 +
(Kee[M]/ Keo))0. 62 log (s dMI kI 2,

are shown in Figure 7. No statistically significant pressure
dependence was observed in the data at 298, 267 and 250 K
but at 235 and 222 K, the valueslgf; were pressure-dependent.
The pressure dependencekgf; at 222 K is stronger than that

at 235 K and shows distinct curvature. The data were analyzed
initially with the assumption that botky, andk;. are pressure-
independent, i.e., that the bimolecular channel is independent
of pressure and that the termolecular channel does not exhibit
falloff. The values ok, andk;. so obtained are given in Table

2. Above 250 Kk;p shows Arrhenius behavior with, = (1.13

+ 0.47) x 107 exp[(983+ 111)/T] cm® molecule® s72,

To obtain the rate of dimer decomposition at 222 and 235
K, FACSIMILE was used to fit the entire decay trace and
optimize k-1 with kip and k; fixed at the values determined
usingkinii. However, it was found that while the initial rates of

the decay were invariant with the ozone concentration, the decayd

traces at longer times changed their nature with changing ozon
concentrations. As the ozone concentration was reduced, th
decays approached second order. This effect was attributed t
the reaction between Br atoms and,®8f which, by analogy
with CI + Cl,0,, is likely to be very fast and have the effect of
catalytically converting B1O, to O, and Bg:

Br + Br,0, — BrOO + Br, (12)

BrOO— O, + Br (—10)

net: Br,O,— O, + Br,

To investigate the effect of secondary reactions of bromine
atoms, experiments were performed to monitor the decay of
BrO as a function of ozone concentration 4) x 10
molecules cmd) under otherwise identical conditions. Care was
taken to ensure that the Bconcentration, and therefore the
initial concentration of photochemically generated bromine
atoms, [Br}, were unchanged. For a given [Brhe amount

e
T/300) 145 cmP molecule® s™%. This is an excessively large

Jregative temperature coefficient for this recombination reaction,

a2From Van't Hoff analysis? From third law analysis.

=, 30 F 3
”'% s b E TIK Ky/atml  AG®/kJ molt TAS?/kJI mot! AH®/kJ mof?
2 ok 1 222-235 —58.65
E 235 1.937x 16 —23.774 —34.737 —58.5P

E 15} 1 222 1.126x 10 —25.703 —32.816 —58.52
E

.x:

of BrO produced depends upon the relative rates of the reaction
of Br with Oz (reaction 2) and the reaction of Br with BrO
(reaction 7). Experimentally, more BrO was observed at higher
ozone concentrations and analysis of the variation of [REQ]
with [Og] at 235 K and 760 Torr gavier = (9.1+ 2.0) x 10712

cm® molecule! s71, which compares reasonably well with that
of Hayman et afé of (6.5 3.5) x 10712 cm?® molecule’ s~

To obtain an estimate for the rate of reaction between Br and
Br,0,, the decay traces from these experiments were analyzed
simultaneously using FACSIMILE, allowing [By] k-1, and

ki2 to optimize. This showed that reaction 12 is indeed rapid,
with an average optimized value kf, = (4 & 2) x 10710cm?
molecule s71 at 235 K, and no significant dependence on
temperature between 235 and 222 K.

To take account of secondary chemistry, all BrO decays were
fitted using a complete reaction scheme for this chemical system
which is summarized in Table 4. The resulting valuekaf
and the equilibrium constard;., determined by the ratik;
k-1c, are given in Table 2.

The values ofKic were used to obtain an estimate of the
thermodynamic stability of BO,. Two methods were em-
ployed. In the first, a simple second law analysis of the
temperature dependencelafbetween 235 and 222 K was used
to determineAH® for reaction 1c from the Van't Hoff equation.

In the second method, values AH® were calculated using
AGP® from the values oK. recorded at each temperature, and
the standard entropy of BrOOBS;(BrOOBr) = 327.5 J mot?

K~1, estimated using bond additiviwith S>(Br—0) = 147.5

J molr1 K1, The results from both types of analysis are given
in Table 3. As can be seen, there is excellent consistency
between the values oAH® obtained from the temperature
dependence df;. and from the individual values & at each
temperature, giving\H® = —58.6 4+ 0.1 kJ mot™.

Although the thermodynamic analysis indicates that the values
of Kic may be well-determined by the data, the values of the
individual rate coefficientk;c and k—;c may not be so well
etermined. The values d&i at the two temperatures give a
(r33_

temperature dependence expressel'iform of 1.05x 1

indicating a problem with either the data or its analysis. An
effect of this kind would result if the reverse decomposition of
the BrOOBr molecule was not fully decoupled from its
formation at short reaction times, as was assumed in the
determination oki,i;. This would lead to an underestimation
of kit and hence ok, the effect being expected to diminish
as temperature decreases and the lifetime of the BrOOBr
molecule increases. The effect of reactiotc on the initial
decay rate would also be expected to increase with increasing
pressure at a given temperature. The curvature in the plots of
kinit VS pressure could thus be due to this effect as well as to
true falloff in the recombination rate coefficied. In view

of the uncertainties in the data it is not possible to deduce
whether the bimolecular componeki;, is pressure independent
below 250 K, as assumed in the analysis. At the lowest
temperature there is an indication ttkgk at low pressure falls
below the extrapolated value of;, from the pressure-
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TABLE 4: Reaction Scheme Used in FACSIMILE Analysis

reaction rate coefficient ref systém

Br + O — BrO+ O, 1.7 x 10~ exp(=800M)° 17 i
Br + BrO (+M) — Br,O (+M) 1.9 x 10" exp(13701)°e 26 1
Br+Br+M—Br,+ M 5.08 x 10-3 exp(856T)de 29 1
Br + Br,O — BrO+ Br;, 4.0x 10°11b 4 I
O+0,+M—0z+M 6.0 x 1073%300/T)28ef 30 Il
Br,O, + Br—Br+Br,+ O, 4 x 10710b this work 1
BrO+ BrO—2Br+ O, 5.31x 1072 exp(=211/m)b9 this work

BrO + BrO — Bray 02 1.13x 1074 exp(9831)P9 this work 1]
BrO + BrO — Br,0, 8.2 x 10732eh this work Il
Br,O, — BrO + BrO 2.5x 10718bh this work 11

a| indicates that the reaction was used in the analysis of th@lBitolysis experiments; |l indicates that reaction was used in the analysis of the
O, photolysis experiment$.Units cn® molecule? s ¢ This value is at atmospheric pressure (760 Torr). The reaction was assumed to be in the
low-pressure limit, and this second-order rate constant was linearly extrapolated to other pressures. Note also that a value for this reaction rate
coefficient was determined in this work at 235 K and 760 TéArrhenius expression developed from the data given in ref 29 fer M,. € Units
cm® molecule? s, fValue for G as bath gas? Arrhenius expressions fof > 250 K (pressure-independent regiohkitted values at 222 K.

4.0 ; ; ; ; ; Py o 15
o 0.14 g
g 3.0+t g
> -
= 01 g = 10 L 1
8 20 F < 3
2 0.06 & =
e MO > £ os0 | ]
= 2 3
@] 0 0.02 o 8
@ Br,0 (x3) e 2
= .-‘L“._a'-'.-'_ 2 O3 (x5) 3 § :
-1.0 n . ! ! L I -0.02 O 0.0 L L . []
0 2 4 6 8 10 12 14 290 310 330 350 370 390
time /ms Wavelength /nm

Figure 8. BrO buildup and decay trace following flashlamp photolysis  Figure 9. Absorption spectrum attributed to £, in this work (solid
of Br/OyJ/O, mixtures at 235 K, along with the FACSIMILE fit to  jine). Also shown are the cross sections fos@| taken from DeMore
these data. Also shown is the temporal variation of the absorption gt al.17 and red-shifted by 60 nm (filled squares), and the relative

underlying the BrO spectrum, at 320 nmatAin the figure) along spectrum of the absorption attributed ta®s by Mauldin et aFf (open
with the best-fit FACSIMILE simulation of this absorption, and the  squares).

contribution to this simulated absorption from,8r (produced) and

O (removed). the cross section at the maximum is approximately a factor of

2 higher than the value for the dimer of ClO, which is reasonable
considering the trends of absorption characteristics for other
halogen species.

Photolysis of G, in the Presence of Bs. The 193 nm
lphotolysis of Q produces atomic oxygen in théP) electronic
state through absorption in the SchumaRunge bands and
the underlying Hertzberg continuum. In this system the oxygen
atoms can react with either Bor O, to produce BrO or @
respectively:

independent region d > 250 K. However, a three-parameter
fit to the ki, data for 222 K forkyp, k%, andk®;c gave very
large uncertainty limits fok;, andk® ¢ (see results in parentheses
in Table 2). The possibility thak;, falls off as the BrOOBr
formed in the pressure-dependent channel is stabilized canno
be ruled out. It is likely, therefore, tha. is significantly
underestimated, especially at 235 K. However, since the
determination ok_;. is correlated closely t&;., the value of
Kicis well determined and is much less sensitive to the absolute
individual values ofk;c and k.

The full reaction scheme for the low-temperature BrO self-
reaction system in ozone was also used to simulate the temporal 3
behavior of the absorption underlying the BrO spectra as well O(P)+ 0O, +M—0O;+ M (13)
as the BrO decay. Figure 8 shows a BrO decay from an
experiment at 235 K, along with the experimental underlying The relative concentrations of BrO ands; @roduced are
absorption at 320 nm. The FACSIMILE simulation of this BrO therefore determined by the relative valueslgf&r,]) and (i3
decay is also shown, along with the best fit simulated absorption [O2][M]). Ideally, the [Br;] should be kept sufficiently high to
at 320 nm, incorporating the contributions fromy8rand Q ensure stoichiometric conversion of O atoms to BrO, but as
and optimizing the cross section of By at this wavelength Br, has a significant absorption at 193 nm~& 2 x 10720 cm?
Although the quality of the fit at short times after the flash is molecule’l), the experimental concentrations of ,Bwere
rather poor, which is attributed to the effect of scattered restricted by the need to keep the optical depth of the cell low
flashlamp intensity, the level of absorbance reached is well enough to preclude longitudinal concentration gradients of BrO.
reproduced by the simulation. The best fit to the data was Furthermore, oxygen concentrations were necessarily high to

O(P)+ Br,— BrO + Br (5)

obtained with a BiO, cross section of 1.2x 10717 cn? ensure that sufficient oxygen atoms were produced. Thus, some
molecule? at 320 nm. Figure 9 shows the spectrum assigned ozone was inevitably formed in these experiments.
to Br,O, (after the subtraction of the contributions of @nd The concentrations of Sand BrO were determined by

Br,0) scaled to this cross section value at 320 nm. The shapespectral fitting as described above. However, photolysis of

of the spectrum observed by Mauldin efas. also shown, and  atmospheric oxygen by the laser in the analysis beam light path
the spectrum of GD,, taken from DeMore et @l and red- external to the cell produced some ozone, and therefore, the
shifted by 60 nm, is also shown for comparison. The value of observed ozone absorption could not be related directly to the
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2510 ; ; I 102 TABLE 5: Rate Coefficients for the BrO + BrO Reaction
! as a Function of Temperature and Pressure

. 20107 . press./ ki A1072cm®  kyp + kadM]Y/10°22 K &/10712 e
B : 5 T/K  Torr  molecule!s® cmPmolecule!s™?® molecule!s™
FRCRA 3 298 100-760 2.59+0.28 0.31+ 0.02 2.90+0.28
2 > E 267 106-760 2.46+ 0.46 0.43+0.01 2.894+ 0.46
g 1.0 10" ) 250 106-760 2.25+0.29 0.59+ 0.03 2.844+ 0.29
) : 5 235 103 15%0.21 0.83+ 0.06 2.34+ 0.22
50102 [ - 104 1.764+ 0.25 0.844 0.06 2.604+ 0.26

[ 184 1.39+0.21 0.95+ 0.10 2.34+ 0.23

00 F . ) ¢ 204 1.684+ 0.09 0.98+ 0.11 2.66+ 0.14

' 0.0 0.050 010 N 150 205 1.50+0.11 0.98+ 0.11 2.48t+ 0.16

’ ' time/ s ' ’ 375 1.62+0.17 1.24+ 0.19 2.86+ 0.25

Figure 10. BrO buildup and decay following laser photolysis of/ O 407 1.52+0.31 1.2&+0.20 2.80+0.37
Br, mixtures at 298 K. Also shown is the corresponding second-order 543 1.48+0.22 14g+0.27 2.97+0.35
plot (1/[BrQ] vs time) for these data. 66 1.59+0.22 1.52£0.28 3.11+0.36
760 1.66+0.14 1.81+0.38 3.47+0.40

. I 778 1.604+ 0.23 1.83+ 0.39 3.43+ 0.45
guantity of ozone formed within the cell. Two methods were 106 0.59: 0.18 121+ 0.23 1.80+ 0.26
used to determine the concentration of ozone within the cell. 203 0.40+- 0.06 1.554+ 0.24 1.95+ 0.24
An estimate of the concentration of ozone produced outside the 411 0.524-0.16 2.30+£0.30 2.82+0.33
cell was gained by performing flash photolysis experiments with 560 0.55£0.14 2.83+0.35 3.38+0.37
778 0.35+ 0.10 3.61+0.43 3.96+ 0.44

an evacuated cell, and the measured ozone concentration
(attributed to extracellular ozone) was subtracted from that aFor T > 250 K, ki, given is the mean of all values obtained at
determined in the actual BrO experiments. A more rigorous pressures 106760 Torr. For T < 250, kia is given from the
measurement was ach|eved by performing ﬂash experiments alFACSlM”_E flt to each trace at the pressure |ndlcated All _errOI’S are
a range of reaction vessel pressures. Sime@9% of the éLo. b Parametrized value d€.: from the Bp photolysis experiments.

! ! ki = (Kia + Kip + ki M]).
reaction vessel pressure consisted of oxygen, at low pressures
ks[Br2] > ki3O][M] and the initial BrO concentration ([BrQ] L e
is equated to the quantity of photochemically produced O atoms
([Q]o). Thus, knowing that the laser output power was constant
(to within about 5% rms) and ensuring that the reaction mixture
was optically thin (i.e., absorbance0.4) at 193 nm, the value
of [O]o was assumed to increase linearly with @essure and

k /10" %cm*molec’'s!
W
T

was therefore extrapolated to higher pressures. For a given set I

of experimental conditions, it was found that the initial BrO - ) ]
concentration varied linearly with pressure at low pressures but 2 r ‘

fell off at higher pressures. The quantity of ozone produced in

the cell was then simply determined from the expression]([O s ; ; ; "

= [O]o(extrapolated)- [BrO]g).

Experiments were performed at a range of pressures between
100 and 760 Torr and at temperatures of 298, 267, 250, 235,Figure ll._ Overall rate coefficienty,, for the BrO self_-rea_mction plotted
and 222 K. The decay of BrO radicals was found to be second asa function of pressure for all temperatures studied in this work. For

2. . clarity, the pressure-independent average valués arfe given afl >
order under all conditions. The presence of the BrO.dlmler 250 K, linked by symbols. Legend: filled triangles, 222 K; open
(Br202) was not expected to affect the second-order kinetics triangles, 235 K; open circles, 250 K; open diamonds, 267 K; filled
since the excess of Br atoms, generated concurrently with thediamonds, 298K.

BrO radicals from reaction 5 and subsequently in reaction 1a,

ensured that any dimer formed was rapidly consumed in and termolecular channels of the BrO self-reaction 1b and 1c
reactions 12 and-10. The measured BrO decay therefore were set at the values determined frim in the Bi photolysis
resulted from all channels of the self-reaction. Hence experiments: [BrQj andk;, were then varied to optimize the

fit to the decay traces.
(iv)

Table 5 and Figure 11 show the total rate coefficients for the
overall BrO self-reactionkj) as a function of pressure for all

A typical BrO decay and second-order plot are shown in Figure temperatures studied. Virtually no pressure dependenke to

10. At low pressures, wherks[Bry] > ki3JO2][M] and the is observed between 760 Torr and about 100 Toif at 250

amount of ozone formed in the cell was negligible, the slopes K. Average values ok; andk;, are given for these tempera-

of the second-order plots gave the value d&2( kip + ki tures. Above 250 Kkia is adequately described by the

[M]). At higher pressures the small quantities of photochemi- Arrhenius expressioky, = (5.31+ 1.17) x 10 *2exp[(211+

cally produced ozone (410) x 10 molecules cm?®) led to 59)/T] cm® molecule’® s™1. At 235 and 222 K the overall rate

some regeneration of BrO through reaction 2 and a partial coefficient is pressure dependent, increasing with decreasing

masking of channel 1a. Thus, FACSIMILE was used to analyze temperature at high pressure, but decreasing significantly with

these decay traces. The quantity of BrO regeneration wasdecreasing temperature at low pressure. These results are also

determined by the ozone concentration (measured) and theshown in Figure 13 and are discussed below.

number of Br atoms removed in processes other than the reaction In addition to the rate parameters determined for the BrO

of Br with ozone (i.e., reactions 7, 8, and 9). All of the rate self-reaction in these experiments, the measurement of the

constants used in this analysis are given in Table 4. In the relative concentrations of BrO and;@roduced following the

simulation, the values of the rate coefficients for the bimolecular photolysis of Q in this system enabled the rate coefficient of

[M)/ 10*° molec cm™

—d[BrOY/dt = 2(k;, + kyp + k; JM])[BrO] 2
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. o 1000/T ) 3.0 35 4.0 45 50
Figure 12. Rate coefficientks, of the O+ Br, reaction plotted as a 1000/ T(K)
function of (1000T1) (filled squares), along with an Arrhenius fit to
these data. Also shown are the results of Nicovich and Wifopen oM : ——

squares), and the recommendation of Atkinson é® é&pen circle).

reaction 5 to be determined relative to the rate coefficient of —
reaction 13. Assuming that the photochemically produced O )
atoms react only with @and Bg in this system, then

[BrO]0= k[Br,]
[Oslp  kidOl[M]

1012 L . i |

k. /em’molec’!s™

14
—a

10~13 1 1 n 1 L L L n
[BrOlJo, [O3)o, and [Br] were measured arlds was taken from 3.0 35 40 45 5.0

Atkinson et aB® The values foks determined in this way are 1000/T

given in Table 6 and are shown in Arrhenius form in Figure 12

with previous measurements of this rate condfafur com- 0
parison. These data are fitted by the Arrhenius expredsion
= (5.12+ 1.86) x 10713 exp[(989+ 91/T)] cm?® molecule?
sL

Errors

klb fem’molecule st

N e

All errors reported in this work and quoted in Tables 2 and
5 are given at thed. level and represent statistical uncertainty
from repeated measurements only. They give no indication of 10 L e T
the potential systematic errors in determination of rate param- 3.0 3.5 40 45 5.0
eters. A significant systematic error in this work is the 1000 /T

uncertainty in the BrO cross sections used to determine BrO Figure 13. Comparison of previous measurementsk(®BrO+BrO)
concentrations. The cross sections used in this work, from With this study: (ak, (b) kia (C) ku: filled squares, this work; open

o1 . o _ squares, Clyne and Crusegpen circles, Basco and Dogtappen
Wahner et al5" are uncertain tet10%. More recent measure-  giamonds, Clyne and Watsérfilled diamonds, Sander and Watsbn:;

ments seem to favor the lower end of this raffydlVe estimate  gpen triangles, Cox et affilled circles, Turnipseed et al2 vertical

an additional error of 510% in the rate constants for the crosses<): Langr et al.3filled triangles: Mauldin et alf;crossed
individual channels at temperature®50 K, but larger errors boxes: Bridier et al*# crosses (x): Rowley et at.horizontal lines:

in the data at lower temperatureS, principa"y because of the Laszlo et al® For clarity, error bars are shown for this work onIy. The
uncertainty arising from the assumptions concerning the parti- g?targ;g”?g'dé’c‘)r?;:étgy%w foﬁigﬂﬁ, :re shown only at the extremes
tioning between the different reaction channels. In particular, pressure, Y )

the values oki, reported here will have additional uncertainty TABLE 6: Rate Coefficient for O + Br, Reaction, ks, at 760
sinceks, is effectively determined from the difference in the Torr as a Function of Temperature

BrO decay rates in the presence and absence of ozone. k101t P kea/10-1 P
TIK molecule* s TIK molecule* s

Discussion 298 1.36+ 0.3 235 3.35:0.3
267 2.33£0.2 222 4.5Gt 0.4
250 251+ 0.2

Comparison with Previous Studies. The kinetic parameters
for the BrO self-reaction obtained in the present work are  ®Errors are 1o.
compared with previous measurements in Figure—k3aln
Figure 13a, previous measurements of the overall rate constanwith the lower of the two values reported by Turnipseed ét al
(k1) are shown as a function of temperature. On the plot, vertical at 253 K and 2 Torr. At lower temperatures, the pressure-
lines between points indicate that pressure-dependent measuredependent values & obtained in this study (166760 Torr,
ments have been made. There is excellent agreement betweeM = N,) encompass those of Mauldin et®&[75—-600 Torr, M
the value ofk; determined in this study and previous measure- = He, N, and Sk) and Sander and Watsb(b0—-475 Torr, M
ments at room temperature, where no pressure dependence has He). The values of Mauldin et &lwere obtained indirectly
been found. At 250 Kk; reported here is in close agreement from their measurements &f, and the branching ratiay (o
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= kidki). The magnitude of the pressure dependencekfor 300+ .

reported here at 222 K is greater than that reported by Mauldin i 18 BrPy,) + Br PPyl + O
et al® at 220 K and by Sander and Watsowho observed only 2504_2Br0 P '

a 20% reduction irk; at the lowest pressure used (50 Torr of / BT @iy Of 2 BT Pyl + O ¢18)
He) at 223 K and report a pressure-independent valuie.of 200 NS B0 @b

Below 250 K the overall rate coefficient becomes pressure - il

dependent and shows a small increase with decreasing temper-g s,

ature at the highest pressure used (760 Torr), but at low pressure, § a0

ki falls off with decreasing temperature. 100-
Figure 13b shows previous measurements of the rate constant
for channel 1ak;,) of the BrO self-reaction in comparison with 50 4

1
. . = 3.
this work. At 298 K, there is excellent agreement between the [Bal®] « 0%

value ofky,reported here and previous studies, which have either o
qeterm'nedkla directly from measurements ¢4 a“‘?' Kib or Figure 14. Schematic representation of the potential energy of BrO,
inferredk;, from measurements & and the branchlng ratio, intermediates and products in the BFOBrO reaction.

o. At lower temperatures, the value kif, determined here at

222 K is much smaller than that calculated from the work of of pressure orkia or ki at low temperature. However, we
Mauldin et al., who measurek, anda at 220 K. However,  believe that the rate coefficients assigned by Mauldin et al. to
for the reasons discussed below we believe they may havereaction 1b at high pressures are too high and include some

overestimated;, and henceky, contribution from the channel forming the dimer.
Figure 13c shows previous measurements for the rate constant In summary, although the overall rate constant for the BrO
for channel 1b of the BrG- BrO reaction, compared witky, self-reaction shows little temperature dependence, the partition-

determined in this work. As with the other bimolecular channel ing of k; between channels changes significantly with temper-
1a, kip determined here is in good agreement with previous ature. Above 250 K channels la and 1b show Arrhenius
studies at ambient temperature. At temperatures above 250 K behavior with zero and negative temperature dependence,
kip is independent of pressure from 100 to 760 Torr and shows respectively, and with no pressure dependence. At lower
a small negative activation energy of 8.2 kJ miptypical of a temperatures both channel 1a and channel 1b show a falloff in
radical + radical reaction proceeding through a short-lived the rate constant from the extrapolated higher temperature
intermediate. Below 250 Ky, is not well-defined in our work. results. This is accompanied by the emergence of a reversible
We observe a pressure dependence in the overall rate constangressure-dependent termolecular channel 1c, forming a dimer,
ki, which is attributed to the formation of a stabilized BrOOBr making the overall rate constant pressure dependent. These
dimer in the termolecular channel 1c, which appears to competeresults are discussed in mechanistic terms below.
with one or both of the bimolecular channels. Assuming that Mechanism. The reaction mechanism for the BrO self-
kip is independent of pressure, our valuekgfat 222 K agree reaction is based upon the scheme originally proposed by
well with those reported by Mauldin et al., at 220 K and Porte#? for the CIO self-reaction, involving, in this case, the
intermediate pressure (200 Torr). Mauldin et al. also observed excited BrOOBr* intermediate:
a pressure dependence of the BAOBrO reaction at low
temperature, which they attributed to the molecular channel 1b. BrO + BrO = BrOOBr* — products
The overall rate coefficienk;, deduced from their value &f,
at 220 K is in good agreement with that measured in the presentThe energy diagram for the formation of intermediates and
work at 222 K but did not show the departure from second- products, constructed using the most up to date enthalpy data,
order kinetic behavior which was observed in the present work. is shown in Figure 14. The chemically activated intermediate
In both studies BrO was monitored by differential spectroscopy, formed from two BrO radicals can decompose unimolecularly
so interfering absorption by BrO dimer is not the explanation or undergo collisional stabilization. Channel 1a, forming atomic
of this discrepancy. Mauldin et al. observed a transient products, could result from the decomposition of BrOOBr* by
absorption spectrum at 220 K which was assigned to the dimer,simple cleavage of the BrO bond:
BrOOBr, and they attributed the departure from second order
observed when BrO was monitored at a single wavelength to BrOOBr* — Br + BrOO
absorption by the dimer. The most likely explanation for the
apparent enhancement of the second-order rate coefficient aSubsequent rapid decomposition of the unstable BrOO species
higher pressures observed by Mauldin et al. is scavenging ofleads to formation of a second Br atom:
the BrO dimer by reaction with Br, reaction 12. Based on
observations in the present work, the relatively lowg][Gsed BrOO—Br+0,
by Mauldin et al. in their diode array experiments would have
been insufficient to reduce [Br] to a level where scavenging of As discussed above, BrOO has never been observed, and all
the dimer in reaction 12 was not significant. evidence points to it being unstabl®(@r—00) ~ 4 kJ

As shown in Figure 8, inclusion of the reversible channel 1¢ mol~ 533,
in the reaction scheme for modeling this system allows the k4 has no pressure dependence, indicating that the lifetime
temporal behavior of the BrO and the absorption attributed to of the BrOOBr* is too short for collisional deactivation to be
the BrO dimer, BsO,, to be reproduced in our experiments. effective or that the deactivated product also dissociates rapidly
Thus, at least part of the observed pressure dependekc&in  to give Br+ BrOO. This channel also shows no significant
the initial stages is due to channel 1c. Our results do not allow temperature dependence above 250 K, so the activation barrier
an unequivocal conclusion to be drawn concerning the effect for Br—O cleavage must lie close to or below the energy of
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BrO reactants. The reverse reaction of Br with BrOO radicals = The mechanism proposed for the B#BrO reaction at low
is also likely to have near zero activation energy. temperatures is summarized as follows:

kip is alsq pressure independent above 250 K f':md exhibits a BrO -+ BrO < BrOOBr* K, k.
small negative temperature dependence, suggesting a bimolecu- ¢
lar reaction proceeding through a complex. A four-center
transition state is usually invoked for the concerted elimination

of molecular products: BrOOBr* — Br +BrOO  k,

BrOOBr* + M = BrOOBr+M  k, k

BrOOBr —~ Er Zr —= Br,+0, BrOOBr*—Br,+ 0, k

Assuming steady state for BrOOBr*, the rate of loss of BrO is
The mechanism for this “molecular channel” in the self- and given by
cross-reactions of halogen oxides has been discussed in detail
by Toohey and Anderso#,in the context of their results for — _ 1 d[Bro] = kC[BrO]Z —
BrClI formation in the CIO+ BrO reaction. They argue that 2 dt
electronically e>3<cited BrC¥{Io+) is formed together with k_.(k[BrO]? + k_,[BrOOBI][M])
ground-state g°%;,") by four-center elimination from an
internally excited sginglet BrOOCI molecule. The Brélp) Koo ket 1 kg
can be formed with vibrational excitation and is subsequently
quenched or fluoresces, forming ground-state BEGH(), or
predissociates, giving Br and Cl atoms in &g, ground state.
In the case of the Br@- BrO reaction, formation by molecular
elimination of both the lowest A[1;,) and the Bf[Iy,") states
of Br, is energetically allowed (Figure 14), and emission from 1 d[BrO] ke(kg[M] + Kk, + k) ) .
both states has been observed from low-pressure systems B R kot Ky + kM) [BrO]”  (vi)
containing BrO” Since the reaction has a negative temperature —c

dependlencg, tlgelactlvra]moln baltrn]((errf‘or éhe four-center rialctlon The magnitude of the pressure dependence of the overall rate
must also be below the level of the BrO reactants. A low .,nqant will depend on the relative magnitudes of the unimo-

activation barrier for the four-center process forming electroni- o jar steps. A larger pressure dependence for the overall loss
cally excited products can be qualitatively rationalized in terms ot gy is expected under the conditions of excess When

of the orbital symmetry constraints embodied in the Wood- o Br-forming channel leads to regeneration of BrO, kgis
ward—Hoffmann rules®® which predict that for reactions involv- effectively removed from the above expression.

ing cyclic intermediates formation of ground-state products can | our experiments under these conditions, formation of the
only occur with high activation energy, while formation of  thermally equilibrated dimer from BrO appeared to be reversible,
excited triplet products can be formed with a low barrier. Above implying thatk_¢ > k,. In the later stages of the reaction

250 K, CO||iSi0na| Stabi|i2ati0n Of BrOOBr* doeS not intercept BrOOBr |S |n Steady state’ and |ts forma“on On'y acts as a

the formation of molecular pI’OdUCtS through the four-centered reservoir and does not lead to overall loss of BrO. (Under

transition state, and no pressure dependence results. typical experimental conditions, BrOOBr was observed to
Below 250 K, the observed pressure dependence of theequilibrate with BrO over time scales of-82 ms at 235 K

second-order rate coefficient for BrO decay in the initial stages and 5-8 ms at 222 K.) Under these conditions the rate equation

of the reaction, under conditions where the BrOOBr molecule takes the simpler form

is not scavenged by Br atoms, is consistent with collisional

quenching of the chemically activated BrOOBr* complex to _1dBro] _ klkatky)

form the thermally equilibrated dimer, BrOOBr. The overall 2 dt K.+ k,+ kbL

rate coefficient for BrO loss at high pressure is only slightly

increased at 222 K, suggesting that at lower temperaturesand the overall rate coefficients for the two bimolecular channels

collisional deactivation competes against the unimolecular can be expressed as

decomposition of the initially formed complex. Decomposition

of the thermalized BrOOBr can then occur by collisional K = keka (viii)

activation to a thermally activated BrOOBr* molecule which la Kk 4k, +k

decomposes unimolecularly to produce atomic and molecular

products in channels 1la or 1b or to produce two BrO radicals kK

in the reverse reactior-1c. In the present experiments an kw:m

absorption attributed to BrOOBr is observed, and the temporal

variation of this absorption can be modeled, along with the These expressions will also apply for the higher temperatures

observed non-second-order BrO kinetics, using a reactionwhere the chemically activated complex of higher energy is

scheme incorporating this reversible formation of BrOOBr from formed.

BrO at low temperatures (Figure 8). This implies that under  While this mechanism does explain the change in partitioning

these conditions the decomposition of BrOOBr* to BrO between the bimolecular and termolecular channels of the BrO

dominates over product formation. Thus, the overall rates of self-reaction and does rationalize the increasekiirat low

formation of products Br and Brdepend on the relative rates temperature and high pressure, the reason for the observed falloff

of the unimolecular processes, which depend, in turn, on thein k; at low temperature and low pressure is not clear. Under

degree of excitation of the BrOOBt. these conditions, the collisional quenching of BrOOBr* would

Under conditions where the reverse decomposition of BrOOBr
is unimportant, i.e., in the initial stages after BrO production

or when it is removed by reaction with Br, the overall rate

coefficient takes the form

BrOJ? (vii)

(ix)
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not compete as effectively with the unimolecular decomposition which give new insight into the mechanism for the reaction.
of this complex, andk; should not be significantly reduced. The rate constants &t > 250 K are in excellent agreement
Thus, we are unable to completely explain the apparent falloff with earlier measurements made by a variety of techniques. It
in k; under these conditions. has shown from experiments at lower temperature that the
Information on the relative rates of the two bimolecular reaction has a third termolecular channel which forms the BrO
channels has been obtained previously from measurements oflimer. The spectrum attributed to the BrO dimer has been
the chain length for ozone loss in the presence of BrO, which recorded and has a similar shape to that of the CIO dimer with
gives the branching ratia = ki/ki. At the temperatures used  a peak at about 305 nm with a cross section of:4 .40 1cn?
in previous studies of this reaction, the formation of BrOOBr molecule? (1.2 x 10717 cn? molecule at 320 nm). No
is reversible and does not lead to permanent removal of BrO. evidence for any channel giving OBrO was observed. The
Consequently, the overall quantum yield for ozone removal is reaction mechanism involves the formation of an energy-rich
still determined only by the relative rates of the channels 1a BrOOBr association complex, which decomposes unimolecu-
and 1b. Mauldin et &l.measured a value af = 0.68 at 220 larly into products. At low temperatures this complex can be
K which was independent of pressure, while at the same time quenched by collisions to form a weakly bound dimer, which
kip was pressure dependent. This can be understood in termglecomposes preferentially back to reactants. Similar mecha-
of the mechanism proposed here if the activation barriers for nisms probably operate in all X& XO reactions, (X= Cl,
the unimolecular process&gandk, are approximately equal.  Br, and I), which have been found to exhibit a richly complex
The relative rates of the two product forming channels are then kinetic behavior.
determined largely by theik factors; the values for BrOOBr In addition to the rate constants determined for the BrO self-
cleavage is likely to be~10'0 s71 and for the four-center  reaction, this study has provided new measurements of the rate
elimination of Bp, ~10'39 s71 which is consistent with the  parameters for the reaction betweerHOBr; (ks = (5.12 +
observed overall product yields. Finally, the absence of any 1.86) x 10712 exp[(989+ 91/T)] cm® molecule* s71). The
OBrO product in reaction 1 suggests that the BrOBrO complex, negative temperature dependence for an apparently simple
if formed, has a high-energy barrier to cross in cleaving the abstraction reaction is perhaps surprising, although there is
terminal Br—OBrO bond. increasing evidence for complex formation in reactions of an
The mechanism for the Br@ BrO reaction is analogous in  electronegative atom with highly polarizable Br and | atoms in
many respects to the CI® CIO reaction (ref 17 and references a molecule®® Rate coefficients were also determined for the
therein). However, the stability of the BrOOBr dimer relative termolecular reaction between Br and Bii@ € (9.1 2.0) x
to 2BrO is much lower than CIOOCI relative to 2CIQsH; 10~*? cm® molecule® s™* at 235 K, 760 Torr) and for the
(BrOOBr) = —58.6 kJ mot? obtained here, compared &H, reaction between Br and BD (ki2 = (4 + 2) x 1071° cn®
(CIOOCI) = —73.5 kJ motL17 Consequently, the formation =~ molecule s™1, 222-235 K).
of significant amounts of the stabilized BrOOBr complex in
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T ~ 273 K. The bimolecular channels of BrO dominate even
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