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Laser Flash Photolysis Studies of RadicatRadical Reaction Kinetics: The HO, + BrO

Reaction

Introduction

It has been recognized for two decades that bromine in the
stratosphere can act as an ozone removal catalyst analogous t
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Laser flash photolysis of @CH3;OH/O,/Bro/Os/N, mixtures at 308 nm has been coupled with simultaneous
time-resolved detection of H@by infrared tunable diode laser absorption spectroscopy) and BrO (by ultraviolet
absorption spectroscopy) to investigate the kinetics of the important stratospheric reaction BItQ —
products at 296t 3 K in N, buffer gas at pressures of 12 and 25 Torr. All experiments were performed
under near pseudo-first-order conditions with H® excess over BrO. The HOG+ BrO rate coefficient is
found to bek; = (2.0 & 0.6) x 10 cm?® molecule® s1, with the primary source of uncertainty being
knowledge of the infrared line strength(s) required to convert measured ad€orbances to absolute
concentrations. The rate coefficient for the reaction,HOHO, — H,0O, + O, derived based on infrared
absorption measurements of the Hf@ncentration is consistent with the currently accepted value. The results
reported in this study are compared with other recent studies ef-HBrO kinetics, and their implications

for our understanding of stratospheric chemistry are discussed.

recommended rate coefficient for use in atmospheric modeling
for the following 10 years. A report appeared in 1992 of the
fesults of a discharge flow experiment performed by Poulet et

chlorinel The gas-phase catalytic cycle, al. that indicated thdt; at 298 K is in fact more than 6 times
faster than the Cox and Sheppard result suggéstedulet and
HO, + BrO — HOBr + O, (1) co-workers also performed simulation-based analyses, which
showed that, at their reported value laf the catalytic cycle
HOBr + hv — Br + OH () defined by reactions-14 is significant in determining the overall
Br+ 0,— BrO + O, A3) partitioning of bromine in the stratosphere, as well as bromine-
mediated ozone loss; this applies in particular in the lower
OH+ O;,—HO, + 0, 4) stratosphere, where the Br® CIO cycle, i.e., reactions 3, 5,
and 6, also has a major impact. The importanceofor
20,— 30, understanding ozone chemistry of the lower midlatitude strato-

Net:

sphere was further underscored by the results of the Stratospheric

for WhiCZh reaction 1 is the rate-limiting step, was first suggested photochemistry, Aerosols, and Dynamics Expedition (SPADE),
in 19807 Estimates of the rate coefficient for reactionkl) (at which provided simultaneous in situ measurements of several
that time rendered the above cycle too slow to contribute jortant radical speciés.Since 1992 a number of studies of

significantly to odd oxygen loss compared to the Br/Cl cycle:

Net:

The first attempt to directly measuke was reported by Cox

ClO+BrO—Br+Cl+ 0O, (6)

reaction 1 have been publish&d,including three temperature-

Br+ O,—BrO+ 0, (3) dependent studi€s>® While there exists excellent agreement
between reported activation energies for reactioBl{ —4.5
Cl+0O;—CIO+ 0O, (5) kJ mol?), recently reported values fdu(298 K) span the

undesirably wide range (1-48.4) x 10~ 1t cm?® molecule* s,

In this paper, we report a study of the room-temperature (296
=+ 3 K) kinetics of the H@ + BrO reaction. This work builds
on our previously reported studies of the kinetics of reactions
of OCPy) with HO,,1011CIO 2 and BrO!® As is the case with

20,— 30,

and Sheppafdn 1982 and employed the molecular modulation @ Majority of radicat-radical reactions of atmospheric interest,
technique with UV absorption detection; their reported room- most recent studies of HO+ BrO kinetics have employed
temperature rate coefficient of 5:010712 cm® molecule’l s2 discharge flow (rather than flash photolysis) methods. Com-
seemed to confirm that the HG- BrO cycle was, indeed, of  parison of kinetic data obtained using very different experimental
little importance in stratospheric chemistry. This remained the methods is one useful means for elucidating systematic errors

in the different experimental approaches. Results reported in

"'School of Physics. this paper are discussed in light of our current understanding

* Georgia Tech Research Institute.
8 School of Chemistry and Biochemistry and School of Earth and

of stratospheric bromine chemistry and in light of the discrep-

Atmospheric Sciences. ancies in the existing literature values 1af298 K).
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Figure 1. Schematic diagram of the experimental apparatus. Centontroller; IRD= infrared detector; PMTE photomultiplier tube; PSB=

phase-sensitive detector; Ref.reference; RXG= reaction cell.

Experimental Technique

This study employed 308 nm pulsed laser (20 ns pulse width,
~50 mJ cn1? pulse?) photolysis of N/O,/CH3OH/Cl,/O3/Br;
mixtures in conjunction with simultaneous time-resolved detec-
tion of HO, (by infrared tunable diode laser absorption
spectroscopy at 1372 cf) and BrO (by UV absorption
spectroscopy at 338.3 nm) to study H® BrO reaction kinetics
at 296+ 3 K and pressures of 25 and 12 Torr. pfadicals
were generated via the reaction scheme

Cl, + hv (308 nm)— 2CI(*P) 7
CI(P,) + CH,OH— CH,OH + HClI (8)
CH,OH + 0,— HO, + CH,O 9)

which produced maximum HQconcentrations of (#24) x
10" molecules cm? under the conditions employed. BrO
radicals at maximum concentrations in the rangel(3) x 10%2
molecules cm?® were simultaneously generated as follows:

O, + hv (308 nm)— O('D,) + O,(a’A) @ =0.80"
(10)
—OCP) +0)X°%;) @=0.20

o'D,)+M—0FfP)+M, M=N, 0, (11)
Br, + O(Py) — BroO + Br(°*P) (12)
Br(°P) + O,— BrO + O, (13)

replenishment of the reagents between laser flashes, thus
preventing accumulation of reaction and photolysis products in
the reactor. @concentrations were measured in the flow system
upstream from the reaction cell using UV photometry at 253.7
nm (Hg penray lamp light source). A correction due to a slight
pressure drop between the UV photometry cell and the reaction
cell was made to determine the Eoncentration in the reaction
cell itself; the correction was always5%. Concentrations of
all other gases in the mixture were determined from their
measured relative mass flow rates into the system, source
concentrations (some compounds used were diluted in 12 L
Pyrex bulbs; see below), and the total system pressure. Laser
pulse energy was monitored continuously using the internal
energy meter of the laser (Lambda Physik Lextra 200); an
absolute calibration was obtained using a thermopile calorimeter
energy meter (Scientech model 38-0105) at least once per day.
The energy thus measured was corrected for window losses
(measured to be 10%) and reflections within the cell to derive
an estimate of the laser pulse energy in the reaction zone. Shot-
to-shot laser pulse energy variations were less than 2% on
average, and the cross-sectional spatial intensity variations in
the photolysis beam were measured to be less than 10% for the
portion of the beam that irradiated the detection volume.
Because (1) the cell length along the photolysis axis was only
15 cm and (2) the beam traveled several meters before entering
the cell, beam divergence through the photolysis region was
expected to be minimal; this was confirmed by measurements
of laser fluence as a function of position with the cell removed
from the beam path.

A schematic diagram of the apparatus is shown in Figure 1.
The concentration of BrO was monitored using UV absorption
at 338.3 nm, the peak of the strong@ band of the A7—X2z

Because HQ@ is the excess reagent under the conditions System. A 150 W high-pressure xenon arc lamp was used as a
employed, the accuracy of the derived rate coefficient dependslight source for the BrO absorption measurements. The arc lamp
critically on accurate measurement of the Héncentration, beam was passed twice through the reaction region nearly
but is only weakly dependent on knowledge of the absolute collinearly to the 308 nm pulsed photolysis laser, giving an
concentration of BrO. However, it is the BrO temporal profile effective absorption path length of 30.8 cm. Masks of 1.0 cm
that is a sensitive indicator of the Br® HO, rate coefficient. x 3.5 cm on the front and rear of the cell confined the arc
All experiments were carried out at room temperature (296 lamp beam to the laser photolysis region. A 0.22 m mono-
+ 3 K) at either 25 or 12 Torr total pressure under “slow flow” chromator tuned to 338.3 nm (resolution 0.38 nm) was used to
conditions (flow rate~5 cm s™* through the photolysis region); isolate the desired wavelength and a UV-sensitive photomul-
at a laser flash repetition rate of 0.25 Hz, this allowed for tiplier tube monitored the light level. The time-dependent
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] ] profile, respectively, for expt no. 13 (see Table 2).
Figure 2. Observed absorbance temporal profiles at 338.3 and 337.1

nm under the conditions of expt no. 13 (see Table 2). relationship is linear as expected, but does not intersect the origin
(i.e., zero jump at zero [@]) as might be expected. The reason

current output of the photomultiplier was sent through a fixed for this is that there is some absorption from BrO contributing
resistor (5Qus RCtime constant), and the resulting voltage was to the measured jump; the BrO absorbance at 337.1 nm is not
monitored by a signal averager with 10 bit voltage resolution. quite zero. However, although the intercept of the line in Figure
Data acquisition was pretriggered relative to the laser flash to 3 is affected by this slight BrO absorption, its slope is not.
obtainlg, the 338.3 nm light level prior to BrO production. The Therefore the “true” value of the baseline jump (i.e., the amount
298 K BrO absorption cross section at 338.3 nm reported by due solely to Gl) at a given [C}] can be derived simply by
Wahner et al*? 1.55x 1077 cn?, was used to convert measured — shifting the entire line so that it intersects the origin without
BrO absorbances to absolute concentrations using the-Beer any change in the slope. The resulting correction can be applied

Lambert law, to the absorbance temporal profiles measured at 338.3 nm. To
correct for the drift in Gl transmittance back toward the preflash
In(1/1) baseline, an analytical curve (exponential decay of the form
[BrO] = o1 (M ae Pt — §) was fit to the 337.1 nm absorbance temporal profiles
%80 at times after 2 ms and then subtracted from the 338.3 nm BrO

) ) absorbance temporal profile. A corrected BrO concentration

wherel; is the 338.3 nm light level at a timieafter the laser temporal profile is shown in Figure 5.
flash, ogro is the BrO absorption cross section, drislthe path HO, radicals were detected via time-resolved IR tunable diode
length. laser (TDL) absorption at 1371.927 cfn The output from an

BrO detection was complicated by the fact that @lbsorbs IR TDL was passed twice through the (masked) photolysis
at the BrO monitoring wavelength, 338.3 nm. When the 308 region of the reaction cell collinearly with the 308 nm laser
nm laser fires, the concentration of,@h the reaction mixture ~ beam, giving an absorption path length of 30.8 cm. The IR
is reduced slightly by photolysis, thereby increasing the level beam was then passed through a 0.5 m monochromator (to
of 338.3 nm light transmitted. This increase appears as a suddensolate the desired TDL mode) to a HgCdTe detector cooled to
jump in the absorption-derived BrO level at the time of the laser 77 K. The detector output was monitored by a signal averager
pulse (see Figure 2). Furthermore, the level of absorbance duefor digitization, storage, and further analysis. Baseline data were
to Cl, does not remain perfectly constant after the laser flash, obtained between laser shots, averaged, and subtracted from the
but slowly recovers back to the preflash baseline due to diffusion HO, signal measurements. Isolation by the monochromator of
and gas flow through the cell. To correct for these effects, an a single mode of the TDL output was confirmed by verifying
empirical approach was employed that utilized the fact that the 100% absorption by a high concentration of ;S 1371.934
BrO absorption spectrum is highly structured near 338 nm, and 1371.885 cmt.
whereas the Glabsorption cross section changes very slowly  The TDL was modulated at 2 kHz over a narrow spectral
as a function of wavelength in the 338 nm region. Identical region surrounding 1371.927 cth A portion of the output
experiments were performed back to back in which the 0.22 m beam was picked off and passed through a reference cell
monochromator was alternately tuned to 338.3 and 337.1 nm,containing CHCI, which has an IR absorption line nearly
the latter wavelength being a valley in the BrO spectrum where coincident with the H@line being used, and then to a second
absorbance is reduced to—-%0% of the peak value (¢l IR detector. The output from this detector was used to generate
absorbance changes by less than 1% over the same region)a phase-dependent feedback signal to keep the modulation region
Figure 2 shows a sample absorbance temporal profile at 337.1centered around the GBI (and hence, Hg) absorption line.
nm. Since the magnitude of the baseline transmittance jumpis Absolute HQ concentrations were determined from the
dependent upon the £koncentration (given constant laser integrated line strength at 1371.927 chneported by Zahniser
power), the entire range of employed;@bncentrations was et all® A plot of a typical TDL data set from which absolute
investigated in this manner. Figure 3 shows a plot of the [HO;] was determined is shown in Figure 4. Integrated
absorbance jump at 337.1 nm as a function of;][CIThe absorption was determined by numerical integration of the area
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Figure 4. Plot of TDL signal minus baseline for expt no. 13 (see Table
2). Absolute HQ concentration temporal profiles were derived from
the observed peak heights as described in the text.
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Figure 5. Simulated temporal profiles generated from numerical
integration of the rate equations using the chemical model given in
Table 1. As in Figure 2, the data are from expt no. 13 (see Table 2).
Points are measured data. Solid line= 2.04 x 10-* cm® molecule™*

s (the best fit value). Dotted line: simulation wikh = 1.0 x 107!

cm? molecule® s7%; dashed line: simulation witk; = 3.0 x 10°%*

cm® molecule! s71.

under the HQ peaks in the digitized signal, using
lo

1 b 1
S—mf In@dv—mflnmdv

where S is the integrated line strength,is the HQ number
density, | is the absorption path lengthy and I(v) are the
absolute detected IR signal levels before and after, HO
production, respectively, andv) is the detected signal deviation
from the zero-absorbance baseline.

Q)

The results were then
calibrated to peak absorption at a given pressure, so that peal€

Cronkhite et al.

the temporal profile of HQ in the absence of BtO;z to
determine the H@loss rate. Under these conditions HiOss

is determined solely (aside from very slow background losses)
by the reaction

HO, + HO,— H,0, + O, (24)

The HG concentration is then related to the rate conskant
via

1 _ 1
[HO,l,  [HOl,

+ 2K, t (D)

where [HQ]; is the HQ concentration at a timeafter the laser
flash and [HQ]o is the peak H@ concentration. The [H&
absorbance data were calibrated so that a linear least-squares
fit of the [HO,]¢ ! versust data gave the literature value df,2

(2.4 x 1072 cm® molecule® st at 296 K% as the slope at
each of the two pressures employed (the pressure-dependent
component ofki4 accounts for only £2% of the total rate
constant in the 1225 Torr pressure range). This procedure
results in HQ concentrations that are a factor of 1.450.10

(error is 2, precision only) times larger than concentrations
deduced from the 1372 crhabsorption line strength calibra-
tions.

Another check on absolute [HPwas Cl atom titration. HQ
production in the absence of 80; is nearly identical to [CI]
produced from Gl photolysis; that is, the chlorine atoms are
completely titrated to H@via reactions 8 and 9. [G] the
chlorine atom concentration initially produced by the laser flash,
was determined from

[Cllo = 2[CLIEZ V)

where [C}] is the molecular chlorine concentration prior to the
laser flashE is the laser pulse energy per unit areas the
308 nm absorption cross section for,CR is the laser
wavelengthh is Planck’s constant, antlis the speed of light.
This [HO,] determination method gave results in excellent
agreement with the two aforementioned methods within the
estimated uncertainty, which is primarily due to spatial variations
in the photolysis beam, uncertainty in the, @bncentration,
and uncertainty in the minor contribution of the €l0; reaction

to Cl removal. Both secondary checks on H&ncentrations
were carried out for each value of [HOnvestigated.

The compounds used in this study had the following stated
minimum purities: N 99.999%, Q@ 99.99%, C} 99.99%, SQ
99.98%, Bp 99.94%, CHOH 99.9%; in the cases of £&and
SO, the stated purity refers to the liquid phase in the high-
pressure gas cylinder. Molecular chlorine, £LHH, Br,, and
SO, were degassed repeatedly at 77 K and then dilutedyjn N
the resulting mixtures were stored in 12 L Pyrex bulbs. Ozone
was prepared by passing 9.99% stated purity) through a
ommercial ozonator. It was collected and stored on refrigera-

absorbance could be used as a proxy for total absorbance. Th&on grade silica gel at a temperature of 195 K.

absolute baseline IR intensity at the detedignvas determined
either by mechanically chopping the beam at 1 kHz or by

Data Analysis

inference from the measured integrated absorbance of a known A chemical model of the experimental reaction system was

concentration of S@at 1371.934 cm® ([SO,] was measured
in situ using UV photometry at 253.7 nm); the two methods
agreed to within 5%. A typical measured B€oncentration
profile is shown in Figure 5.

Two secondary checks of the absolute H&ncentration

developed to analyze the results. To most efficiently describe
the system chemistry, the model was divided into two temporal
regions: t < 500us andt > 500us. Initially, the laser flash
produces a large number of radical species, and the resulting
chemistry is very complex. However, most of the radicals are

were also available in this experiment. One was to observe converted to H@or BrO within 500us of the laser flash, greatly
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TABLE 1: Chemical Model for Simulating Observed BrO +
HO, Temporal Profiles. Bimolecular Rate Coefficients Are

from Ref 14, Unless Otherwise Indicated

reactants products k (cm®*molecule*s™)
Bro + HO, HOBr + O, variable
BrO + BrO Br, + O, 4.4x 10713
BrO + BrO Br+ Br+ O, 2.3x10°%
BrO + CIO Br+ OCIO 14x 101
BrO + CIO BrCl+ O, 1.0x 10722
Br+ O3 BrO + O, 1.2x 1012
Br + H,.CO HBr+ HCO 1.1x 1072
HOg + HOz H202 + 02 1.7 X 10_12
HO, + CIO HOCI+ O, 5.0x 107%2
Oy(aAy) + Os 0+ 0+ 0, 3.8x 10715
O+ Br; BrO + Br 2.0x 102
O+ HO; OH+ O, 59x 10°%
O+ CIO Cl+ 0O, 3.8x 10%
BrO background loss 25&b
HO;, background loss 25&b
Oy(atAy) background loss 254b

aFrom ref 24.° Estimates.

simplifying the system chemistry. It was found that a simplified
chemical model could be used for the analysis after500us
without loss of integrity, as shown by direct comparison with
the results of the more complex model starting from O; this
simplified chemical model is given in Table 1.

All rate coefficients in Table 1 are taken from the literature
except the background loss rates for 5B8rO, and Q(*Ay),

which represent the effects of net diffusion of radicals out of
the detection region and reactions with minor impurities in the

J. Phys. Chem. A, Vol. 102, No. 33, 1998655

were required. Therefore, H@oncentrations at times inter-
mediate to the measured values were inferred by interpolation
along a smooth analytical function fit to the H@ata via
nonlinear least-squares analysis. The function used was of the
form (o0 + 26t)7%, which is the theoretical form of the decay
profile assuming the HO+ HO, reaction dominates. This
approach was compared with several other interpolation methods
(data smoothing, polynomial spline) and was judged superior.

The analyses for derivingk; were performed using a
commercial software package designed for the purpose (FAC-
SIMILE release 3.05, United Kingdom Atomic Energy Author-
ity). Figure 5 shows the simulated decay profiles of +Dd
BrO, respectively, resulting from the analysis of a typical
experiment, along with the measured profiles for comparison.
To demonstrate the sensitivity of the data kg simulated
temporal profiles that employdd values somewhat higher and
somewhat lower than the best fit value are also shown; as
discussed above, the BrO temporal profile provides a sensitive
indicator ofk;, whereas the H@temporal profile is relatively
insensitive tok;.

To determine the sensitivity of the results to variations in
the input parameters, several analyses were performed in which
the reactant concentrations and assumed rate coefficients were
independently and systematically varied. The final valul,of
was found to vary in approximately inverse proportion to the
peak HQ concentration, as would be expected under truly
pseudo-first-order conditions. Variations in [BrO] which re-
flected a+15% uncertainty in the 338.3 nm absorption cross
section!® on the other hand, produced a change of less than

gas mixture. The background loss rate for BrO was estimated 3% in the resulting meak, derived from the analysis and no
by observing BrO loss in the absence of HOr various BrO
concentrations, with special weight given to lower concentrations absorption cross section. The rate coefficient for the €10
(which minimize the contribution from the Br® BrO reaction).
An extra exponential decay term was required to achieve gooduncertainty £25%)' to determine its potential contribution to
fits between the simulated BrO profiles and the observed profiles the uncertainty in the value &. CIO is formed via CH Os,
under these conditions; the average rate of this decay term wasa minor competitor to reaction 6, during the first few micro-
taken as the background loss rate. Because detection was noseconds after the laser pulse, and could account for up to 5%
as sensitive for H@as for BrO, HQ loss could not be studied
at low enough concentrations (and hence, slow enough HO to be an insignificant contributor to the uncertainty kn
self-reaction loss rates) for the above procedure to give definitive Finally, variations by factors of 5 (up or down) in the initial
results. Therefore the HObackground loss rate and that for
O2(*Ag) were assumed to be the same as that found for BrO. value ofk; to which the simulations ultimately converged.
The overall error ink; introduced by uncertainties in the
background radical loss rates is very small becausek(13
sensitive to the absolute instantaneous value of JH®hich
was measured directly), but not its time derivative, and (2) the by fitting observed BrO temporal profiles to a mechanism
BrO background loss rate is much smaller than the loss ratescontainingonly these two reactions were found to differ from
due to reaction 1, which are in the range 12@800 s1.
Simulations demonstrate that once BrO and,H@duction
are complete, Heloss is due primarily to its self-reaction and
BrO loss is overwhelmingly dominated by reaction with HO
Under these conditions the rate coefficient for reactiotky],

and the HQ@ concentration temporal profile are the strongest
determinants of the shape of the BrO temporal profile. To find

the experimental value fde, the differential equations describ-

ing the time rates of change of the chemical species in the

discernible trend for positive versus negative changes in the

BrO reaction was also varied within the limits of its estimated

of the BrO loss rate at peak ClO concentrations; it was found

estimated value of; input to the model had no effect on the

Although the mechanism in Table 1 contains 16 reactions,
observed BrO and Hgkinetics were dominated by the HG-
BrO and HQ + HO, reactions. In fact, values fdg obtained

those obtained using the full mechanism by only a few percent.
When the two-reaction scheme was employed, however, sys-
tematic deviations between observed and simulated BrO tem-
poral profiles were observed at long times which are attributable
to BrO regeneration via the reaction sequence 15, 12, and 13

O,(*Ay) + 0;— O(CP) + 20, (15)

In addition to the chemical schemes used to generate HO

simplified model (Table 1) were integrated numerically under and BrO, i.e., reactions—713, numerous other radical reactions
exact experimental conditions while iteratively varyikgto
achieve a best fit to the measured H&nd BrO concentration
temporal profiles; in this fitting procedurd; was theonly
adjustable parameter.
Due to differences in the HOand BrO measurement and
data collection techniques, data collection could not be syn- profile att > 500 us. To address this question, detailed
chronized between the two. For the inputs to the numerical simulations of the chemistry &t< 500us were carried out for
integration routine, however, synchronous H&hd BrO data

occurring on short time scales warrant consideration as potential
interferences to clean measurement of the;HOBrO rate
coefficient. A key issue is whether any radical species other
than HQ generated during the first 50 after the laser flash
reach sufficient levels to significantly affect the BrO temporal

the exact conditions employed to obtain each BrO temporal
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TABLE 2: Summary of Experimental Results

concentratiofi(10" cm3) 101 ky(298 K)
expt no. P (Torr) Ch O3 Br, CH;OH HO, max BrOmax (cm® molecule* s7%)

1 25 568 245 12.2 987 12.3 0.98 1.90
25 762 233 15.6 1020 16.1 0.80 1.90

3 25 603 238 145 1000 13.1 1.01 2.07
4 25 447 231 17.3 1010 11.3 1.09 1.89
5 25 643 239 14.3 1160 145 0.90 1.89
6 25 346 234 19.2 1150 8.6 1.27 1.84
7 25 309 230 21.9 966 8.2 1.32 1.94
8 25 261 200 10.7 949 6.8 0.90 2.11
9 25 709 321 115 1350 18.4 117 2.17
10 25 470 176 11.6 1070 12.7 0.79 2.02
11 25 477 180 11.6 892 13.9 0.87 1.96
12 25 563 230 115 1400 16.6 0.91 2.05
13 25 569 239 11.8 1060 15.0 0.94 2.04
14 25 566 236 11.7 1320 15.8 0.95 2.16
15 25 566 237 11.7 1040 14.2 0.90 2.18
16 25 568 239 18.0 1230 14.6 0.91 2.26
17 12 736 236 154 1270 20.9 0.99 2.03
18 12 637 238 15.3 1290 19.6 0.80 1.94
19 12 1010 235 151 1280 23.9 0.73 211
20 12 557 236 15.4 1330 155 1.07 2.18
21 12 478 225 10.2 980 131 0.73 2.16
22 12 279 224 10.3 1000 9.2 1.20 2.21
23 12 369 227 10.4 1000 11.4 0.99 1.96

2The concentration of Pwas 1.0x 10Y molecules cm?® in all experiments.

profile. We find that the most important interference is from dominated by reaction with the excess reagent {HOthis

CIO radicals, and as discussed above, CIO accounted 586 study). As discussed in some detail above, we believe that these
of BrO removal in all experiments. Two other side reactions two criteria are met in this study, albeit over a fairly narrow
occurring at short times are also worth mentioning. One such range of experimental conditions. The exact conditions used

reaction is the Cl regeneration process in all experimental runs used to obtain our reported value for
ki, i.e., all experimental runs that meet the above criteria, are
CH,OH + Cl,—~ Cl + CH,CIOH (16) given in Table 2. An unweighted average of tkevalues

obtained from individual experiments givikes= (2.04+ 0.24)
Although CHOH is consumed via reaction 9 with a mean x 10! cm® molecule® s~ where the uncertainty isc2and
lifetime of 1 us, up to 15% of generated GBH can react with represents precision only.
Clz under the experimental conditions employed. Since reaction  The dominant source of uncertainty in our measurement of
16 regenerates Cl atoms, which in turn reinitiate theOH k; is not imprecision, but rather the uncertainty in the infrared
production chain, no net effect on the k@eld results. A jine strength that has been used to evaluate the absolute
second rapid side reaction which operates to produce H atomsggncentration of HQ Zahniser et al. report the overall strength

is of interest: of the two coincident lines at 1371.927 ci(which we have
N employed for HQ detection) to be (1.2t 0.3) x 10720 cn?
O(D) + CH;OH—H + CH;0, (17) molecule’ cm™! at 296 K16 Combining the uncertainty in the
HO, concentration measurement with the uncertainties resulting
Quenching by MO is the primary OD) loss processr(= 40 from imprecision and our estimates of minor systematic errors

ns), but reaction 17 can convert up to 25% of@)(to H in the from other sources, we repokt = (2.0 + 0.6) x 10711 cm?®

12 Torr experiments. H atoms are subsequently taken up alongmolecule s1. As mentioned above, the rate coefficient for

three primary paths within bs: (1) reaction with Glto produce  the HQ, self-reaction that we obtain using the infrared line

Cl atoms and HCI, (2) reaction with Bto produce Br atoms  strength of Zahniser et al. agrees very well with the recom-
and HBr, and (3) reaction with £to produce vibrationally ~ mended valué4 which is based entirely on experiments where
excited OH. The Br and Cl atoms thus generated contribute to the HQ, concentration was determined by chemical titration and/

BrO and HQ production as shown in reactions-I3. Vibra- or by ultraviolet absorption measurements. This suggests that
tionally excited OH, which can be generated in up to 25% yield the zahniser et al. line strength is actually quite accurate and
from H atoms, is deactivated rapidly by,@d CHOH, while that the reported error limits in our value fky may be overly
ground-state OH is consumed within 28 by B, CH;OH, conservative.

and HQ to produce Br, CHOH, and HO, respectively. Literature values fok; as well as for the activation energy

of reaction 1 are summarized in Table 3. Reported values for
ki(298 K) fall into three groups: the slow rate coefficient

In the type of experiment reported in this paper, kinetic data reported many years ago by Cox and Sheppahs fast rate
must fulfill two criteria in order to be of value for quantitative  coefficients reported by the French groups from Orlé&asd
determination of a rate coefficient for a radieahdical reaction. Bordeaux! and the intermediate values reported recently by
First, the temporal behavior of both reactants must be monitoredElrod et al8 Li et al.? and in this study. The low-pressure
with good signal-to-noise using techniques that allow absolute discharge flow-mass spectrometry techniques employed by the
concentrations to be evaluated. Also, the reaction scheme musOrlean4:®and JPE groups are very similar although, as pointed
be such that the loss of the minor reagent (BrO in this study) is out by Li et al.? there are some differences in the pHédurce

Results and Discussion
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TABLE 3: Summary of Literature Values for the HO , + BrO Rate Coefficient

101 ky(298 K)

reference techniqde P (Torr) (cm®molecule’ts™) Ea (kJ mol?)
Cox and Sheppard (1980) MM/UV 760 0.5
Poulet et al. (1992) DF/MS 1 3.3+ 0.5
Bridier et al. (1993) FP/UV 760 3.4£10
Larichev et al. (1995) DF/MS 1 3.3+ 0.5 —4.82+ 0.83
Elrod et al. (1996) DF/MS 100 1.4£0.3 —4.32+0.67
Lietal. (19979 DF/MS 1 1.73£ 0.6P —4.46+1.71

2.05+ 0.64

this work LFP/UVITDLAS 25,12 2.:0.6

aMM/UV: molecular modulation/UV absorption. DF/MS: discharge-flow/mass spectrometry. FP/UV: flash photolysis/UV absorption. LFP/
UV/TDLAS: laser flash photolysis/UV absorption/tunable diode laser absorptid@, was excess reageritBrO was excess reagent.

configurations. The only previous study that employed an kJ mol~* more stable than HO+ BrO. Given the very small

experimental approach similar to ours is that of Bridier et al.,
who report the fast rate coefficient 3:410-11 cm?® molecule?

observed value fdk;yk; (see above), a significant barrier must
exist toward conversion of HOOOBr to HBr O3 (via another

s 1. They used essentially the same photochemical scheme asyclic intermediate). Hence even though (as mentioned above)
we did; however, they generated radicals using a concentric flashno positive evidence exists for reaction 1c, a possible low-

lamp, monitored both HOand BrO by UV absorption spec-

temperature channel producing HOOOBr warrants further

troscopy, and carried out experiments under conditions whereinvestigation.

the HG, and BrO concentrations were similar to one another in

magnitude. Detection of H{by UV absorption is subject to

The results reported in this study support the slower values
for ky reported by Elrod et dl.and Li et al? and argue against

interferences from other radicals produced in side reactionsthe faster values reported by Poulet et'alarichev et alé and

(CIO, for example), while the use of non-pseudo-first-order

Bridier et al? The implications of employing the slower value

conditions leads to increased uncertainty because observedor k; in models of stratospheric chemistry have been discussed
temporal profiles are very sensitive to the absolute concentra-py Ljetal® The overall rate of catalytic odd-oxygen destruction

tions of both reactants.
Reaction 1 can proceed via multiple exothermic channels:

BrO + HO, — HOBr + O, (1a)
— HBr + O, (1b)
M
— HO,-BrO (1c)

The apparent lack of a pressure dependencédif¢see Table

by bromine will be lowered a little and, as a result, the ozone
depletion potential of CkBr will be slightly reduced. The
slower value fork; will also result in repartitioning of some
HOBr into BrO; hence, the reduction in the rate of the HO
BrO catalytic cycle will be partially offset by an increase in
the rates of other catalytic cycles involving BrO in the rate-
limiting step (most notably the Br@& CIO cycle, i.e., reactions
3, 5, and 6).

Recent in situ balloon-based observations of HBr levels in
the 20-36.5 km altitude range suggest an average daytime HBr

3) argues against the importance of channel 1c, and no positiveMixing ratio of 1.31+ 0.39 parts per trillion by volumé at
evidence exists for the occurrence of this channel. While it is this level HBr is a non-negligible Brreservoir. Reaction 1b

clear that reaction la is the dominant pathway for the, HO

has been considered a prime candidate in speculation concerning

BrO reaction, there is interest in establishing the branching ratio the source of stratospheric HBr. Model calculations by Eary
for channel 1b since this channel could represent an importantand Chartrand and McConrilsuggest that a branching ratio

source of stratospheric HBr even kiyk; is quite small.
Larichev et al8 based on their inability to observe;@s a

of about 0.01 for channel 1b would be required to account for
observed levels of HBr. As discussed above, available labora-

reaction product using mass spectrometric detection, have placedory data suggest thayk, is considerably less than 0.61.

an upper limit of 0.015 ork;y/k; over the temperature range
233-298 K. A much lower upper limit fok;yk; of ~1 x
104 has been suggested by Mellouki etlalbased on
application of well-established thermochemistry in conjunction
with measurement of a very low upper limit for the reverse
reaction HBr+ Oz — HO;, + BrO; the implications of this
very small value ok;p/k; for our understanding of stratospheric
bromine chemistry are discussed below.

Ab initio calculations of the structures and energetics of

One possible alternate source of stratospheric HBr could be a
minor channel of the OH- BrO reaction, i.e., OH+ BrO —

HBr + O,. On the basis of the only reported kinetics study of
the OH + BrO reactiod? and the model calculations of
Chartrand and McConnéll, it appears that an HBr yield of
around 0.03 would be required to account for observed levels
of stratospheric HBr; an HCI yield of about 0.06 from the
analogous OHF CIO reaction has recently been determiféd.

HBrO; isomers have recently been reported by Guha and Acknowledgment. This research has been supported through

Franciscot® they find the energy ordering to be HOBsG:
HOOOBr < HOOBIrO < HBrOs, with all isomers except HBr9
lying lower in energy than HO+ BrO. As pointed out by Li
et al.? it is unlikely that HOBrQ can form from HQ + BrO

Grant NAG5-3634 from the National Aeronautics and Space
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