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Measurement of the Rate Coefficient for the Reaction of OH with BrO
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We report the rate coefficient for the reaction GHBrO — Products (1) at 298 K to b& (298 K) =

(4.54 1.8) x 107 cm® molecule® s™%. Reaction 1 was studied in an excess of BrO, generated in a flow
tube, and measured via its U\Wis absorption. OH, produced by laser photolysis, was monitored by laser-
induced fluorescence. Quoted uncertainties include estimated uncertainties in the BrO concentration and that
due to the unavoidable concurrent reaction of OH with Brur measured value &f is compared with that

previously reported by Bogan et ‘al.

Introduction

Halogen oxides are important reactive intermediates in

catalytic ozone destruction cycles in the stratosphere; examples

include a reaction cycle such as

X +0,— X0 + O,
Y +0,—~ YO +0,

XO+YO——X+Y+0,

20,—30,NET

where X=H, OH, ClI, Br, or | and Y= NO, CI, Br, and I. One
such reaction involved in this type of cycle is that between OH
and BrO.

BrO + OH— Br + HO, (1a)

—HBr+0, (1b)
This reaction can lead to ozone removal by bromine and is
analogous to the CIG OH reaction, which has been studied
extensively over the past 20 yedrs addition to its participa-
tion in the ozone destruction cycle, reaction 1 is involved in
partitioning stratospheric bromine between Br and BrO.
Currently, there is only a single measuremenkpét room
temperaturk and the product branching ratios remain unex-
plored. The primary reason for the lack of data lanis the
unavoidable experimental difficulty in determinirkg. In the
single previous determination, BrO temporal profiles were

be large uncertainties in the rate coefficients and initial
conditions chosen in the model.
Chipperfield et aP investigated the effect of this reaction,
and in particular the possible HBr production in the stratosphere,
on the composition of the stratosphere using a one-dimensional
photochemical model. Using the only reported rate coeffiéient
for reaction 1k;(300 K) = (7.5+ 4.2) x 10~ cm® molecule®
s™1, they concluded that a small-2%, yield of HBr would
account for the difference between modeled HBr and that
measured by Nolt et &lIf the rate constant is smaller or larger,
the branching ratio required to account for the observed HBr
abundance will also change as will the possible effect of this
reaction on the stratospheric composition.

In this work, we report measurementskafat 298 K carried
out in an excess of BrO where the OH temporal profiles were
monitored by laser-induced fluorescence.

Experimental Section

Rate coefficients for reaction 1 were determined by monitor-
ing OH temporal profiles in an excess of BrO. The apparatus
used for measurinl; was essentially the same as the one used
to study the reaction of OH with CRand is described in detail
in previous publication&’ Here, we will describe only the
features that are essential for an understanding of the present
study. Alterations to the apparatus and the experimental
procedures were necessitated by the unavoidable difficulties in
producing BrO in the absence of Bwhich also reacts rapidly
with OH

OH + Br, — HOBr + Br
k(298 K)= (4.3+ 0.7) x 10 **cm® molecule*s™* (2)

measured by mass spectrometry in the presence of similar o )

concentrations of OH. The measured concentration profiles were@nd the limited range of BrO concentrations that could be used.
then fit to a reaction model to extra&i. Aside from the Because we could not generate BrO in the absencexkBr
difficulties with identifying all the reactions that may be Was obtained by first measuring the first-order rate coefficient

contributing the temporal profiles of OH and BrO, there may for OH loss in the presence of Brthen converting a fraction
of Br, into BrO and remeasuring the OH loss rate coefficient.
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the flow tube produced Br atoms. The Br atoms reacted with 8%. The measured column average concentration was used in
ozone, which was added3 cm downstream, to produce BrO. calculatingki.

In a previous study on BrG- 10,% several tests were done to OH Production and Detection. OH was generated by the
check for the loss of BrO radicals on the surface. These includedpulsed laser photolysis (248 nm) 0O

variations of the flow velocities (by a factor of 2), pressure (a

factor of 2), and using a Teflon insert to minimize radical loss O; +hv —0O(D) + O, (*A) (3a)
to the walls. Those experiments were done at pressures and
experimental conditions similar to the present experiments. In —0OCP)+ o, @) (3b)

the BrO+ 10 experiments, variation of the above-mentioned

parameters did not influence the measured rate coefficient. Inwhich produces GD) that reactetiwith H,O to give OH
addition, the rate coefficient measured was in agreement with

that measured subsequently by Bedjanian ét-nce, we do o('D) + H,O— 2 OH

not pelieve tha.t heterogeneogs loss of radicals to t_he surface k,(298 K)= 2.2 x 10 °cm® moleculé®s * (4)
was important in these experiments. The pressure in the flow

tube was< 5 Torr of He and linear flow velocities of (730 14 | |F signal from OH was measured as a function of time
805) cm stled to rgs_,ldgr_]ce times in the flow t_ube and reaction by varying the delay between the photolysis and probe lasers
cell of ~70 ms, minimizing BrO loss due to its self-reaction. rom 'to 10 ms. The sensitivity for OH detection, as measured
The BrO concentration in the absorption cell was measured by a signal-to-noise ratio of one, was? x 10° radicals cm3
using a 30 W deuterium lamp, a 0.3 m spectrograph (with a for averaging 100 laser pulses. The concentration  lih
1200 groove mm* grating), and a cooled 1024 element diode the cell, (3-20) x 103 molecules cmd, was calculated from
array detector. The deuterium lamp beam propagated throughits vapor pressure at the ambient temperature, measured gas flow
the reaction cell in the direction of the gas flow, opposite to rate through the bubbler containing water, other gas flow rates,
the direction of the photolysis laser, and perpendicular to the and cell pressure. We worked with initial concentrations of OH,
probe laser beam. The optical path length through the reaction[OH],, < 2 x 10 molecules cm? to ensure pseudo-first-order
cell was 53.5 cm. Spectra in the wavelength range of 312 to conditions in OH even while using low BrO concentrations.
365 nm were recorded with a resolution of 0.5 nm (fwhm). This We obtained low [OH] by using very low laser fluences0.01
resolution matched that reported for the differential absorption mJ cn1? pulse’?, with the abundance of ozone required to
cross section for the (7,0) band of BrO, 1.44107%7 cn? rapidly convert Br back to BrO. These low laser fluences could
molecule1.% Using the differential absorption signal minimized not be measured accurately. Therefore, we first calibrated the
the error in the measured BrO concentration due to fluctuations LIF signal from OH at the beginning of each experiment using
in the deuterium lamp intensity. low ozone concentrations (& 10 molecules cm® and

The BrO concentration was determined from two diode array Measurable photolysis laser fluence (0.03 mJ pulsen-?).
measurements of the transmitted light intensity, one with Bro, For this calibration, [OH] was calculated from [&)o, the
(Ier0), and one without Ig). For the lgo measurement, the photolysis laser fluence, thes@bsorption cross _sectlon at 248
mixture flowing through the reaction cell contains BrO,8r "M (1.17x 10+ cn? molecu!el), the quantum yield for OD)
0s, and HO. The first three molecules absorb in the chosen formation (0.9), and the yield of two OH for each ‘Oj

wavelength rangee was recorded after turning the microwave formed? In_ subsequent I_(inetics experiments, the init_ial OH
discharge off; under this condition, the absorption cell contained concentrations were obtained from the measured OH signal and

Br,, O3, and HO. The BrO concentrations were calculated by the calibration factor determined using the higher fluence; JOH]

1 3
assuming optically thin conditions and using the measured valuer"’“cjgedOI from (0'41.'9) Xt 1|01 ngj(_)tl_ecules cm ilf tion of
of absorbance, A= [BrO]aol, where o is the differential nder our experimental conditions, a small fraction off0)(

: ; ) . could react with either Bf'° BrO2 or z.2 If O(D) reacted
a_bsorptl_on cross section ahds the path Iengsth. Typical I_3rO with Os the resulting OP) could further react with Bror BrO
differential absorbances range from 1 t&«3.0° corresponding and, thus, influence [BrO]
to BrO concentrations of (1-36.5) x 10% molecules cm?. ' '

Br, was not observed in the spectra because its absorbanc

3 —_—
between 312 and 365 nm would ke6 x 1075, given that the eo( P)+ Br, —~ BIO + Br

maximum absorption cross sectfoof Br, in this wavelength ks(298 K)= 2 x 10 "' cm® molecule *s™* (5)
region is 1.68x 10 1° cn? molecule* and that By concentra-
tions were (1.2-6.9) x 102 molecules cmd. O(P)+ BrO— Br + O,

The measured U¥vis absorbance yielded the column BrO ky(298 K) = 4.1 x 10 ™ em® molecule t 72 (6)

abundance, and hence the average BrO concentrations along

the length of the absorption cell. Because of the BrO self- ppotolysis of ozone to produce O atoms could increase [BrO]
reaction, a concentration gradient existed along the length of by as much as 7% at the highest laser fluence and lowest [BrO]
the reaction cell. About 85% of the BrO self-reaction produced ysed. As seen in Table 1, increasing:(¥ by a factor of 5,

Br atoms that subsequently reacted with ozone that was presenthereby decreasing [€R)], did not affect the measured value
in excess to regenerate BrO. Thus, the concentration gradientof ;. Although a small amount of BrO is produced by3P)
was smaller than what would be obtained in the absence,of O reactions, given the relatively large uncertainty in our measured
which converts Br back to BrO. Calculation of the BrO value ofky, it is unlikely to effect the quoted results.
concentration in the reaction volume from the measured column  Materials. He (UHP, 99.997%) was flowed through a
abundance is discussed in detail elseweBecause the  molecular sieve trap held at 77 K to remove condensable
intersection of the two laser beams was in the center of the impurities. Ozone was prepared by passing@HP, 99.99%)
BrO absorption cell, the agreement between the [BrO] modeled through a commercial ozonizer and stored on a silica gel trap
at this point, and the calculated column average were within at 195 K. Ozone was eluted from this trap by flowing a small
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TABLE 1: Experimental Conditions for Various Sets of Data Pointst

Torr [BrO] [Bra]o [O4] [BrOJ/[OH] o [BrOJ/[Br2]o [H20] [OH]o® v symbot
4.2 1.25-3.10 1.2-6.9 0.74.3 24-60 0.4-1 3 4-9 780 ]
4.8 2.58-5.57 1.9-5.6 1-1.8 28-71 0.7-1.2 4 6-11 780 v
4.8 5.00-6.46 5.0-6.6 0.6-1.9 48-68 0.9-1.0 3 9-11 805 )
3.6 2.75-4.37 2.8-4.6 0.6-1.8 14-47 0.9-1.0 4 8-19 710 L 2
43 2.08-4.41 2258 0.71.0 14-37 0.7-1.1 3 8-14 760 v
4.8 4.62-6.97 5.8-6.8 2.2 16-47 0.1-1.2 20 12-18 725 O

aUnits are [BrO], 1& molecules cm?; [Br;]o, 10" molecules cm?; [O3)], 10 molecules cm?; [H,0], 10" molecules cm?; [OH], 10'° molecules
cm3; linear velocity, v. c¢cm st P This is from the calculated maximum initial @) concentration. The [OH]is lower than this due to the
reactive loss of GD) as described in the text. [BrO]/[Rris the ratio of BrO concentration measured by absorbance to the initi@idBcentration.
If all Br, were converted into BrO this ratio would be Z2These symbols are used in Figure 2.

amount of He through it. In most experiments,s[(~1 x
10" molecules cm?®) was measured in a 50 cm cell prior to 7
entering the flow tube where it was further diluted with He 4
(dilution factors were from 2 to 10) to obtain the needed 5
concentration. The ozone concentration in the LIF reaction cell = 4
was calculated from the measureg]§)the dilution factor, and Eo
the pressure difference between the two cells. (89.99%) B I
was stored in a bubbler maintained at 195 K. The flow of He &
through this bubbler was varied to change thed@mcentration o 2
in the reaction cell. Distilled water was stored in a room-
temperature bubbler and varying the flow of He through the 1I
bubbler regulated its concentration in the reaction cell.
Results and Discussion 1000+ 111
The measured OH temporal profiles were defined by the ,0 { ; ’ ; 1 g 6
following set of reactions
OH — loss ©) Time, ms
Figure 1. Examples of the three temporal profiles measured to derive
OH+ O;— HO,+ 0O, (8) ki. The OH temporal profile | (filled circles) in the presence of O
(7 x 10" molecules cm?®), was measured in the absence of Bnd
— BrO; Il (open diamonds) was measured with BBr;]o = 2.80 x 10'?
OH + BrO — Products (1) molecu(leg cmd) added t)hrough the microwavgdis]charge but with the
OH -+ Br,— HOBr + Br 2) discharge off; Il (filled triangles) was measured with the microwave

discharge on where BrO (2.%6 10*? molecules cm?®) was produced.

Reaction 7 represents the first-order loss of OH due to reaction The lines are the weighted least-squares fits to the data.

with impurities and flow out of the detection region. For each BrO production as well as the observed invariance (within 10%)
set of experimental parameters (i.e., initial concentrations, laserin the ozone concentration as measured by UV absorption.
fluences and flow conditions) three separate OH temporal  The third OH temporal profile, Ill, was measured after turning
profiles were measured. The first OH temporal profile, I, was on the microwave discharge and producing BrO. The OH loss
measured in the absence ofBind BrO and the OH loss rate  rate coefficientky,’, was given by

coefficient was given by

In{[OH]{"/[OH];_
'”{[OH]U[OH]{:O}_ n{[OH];"/[ ]1—0}:

=—(k+ kO =—Kk' () t
t 7o ‘ —(ky[BrO] + ky[Brl; + k7 + kg[O5]) = —k," (1)
where [OHI is the OH concmlantratlon. at timek," was obtalneq where [Bg];, was related to the initial Brconcentration by
as the slope from a weighted linear least-squares fit of
In{[OH];} vst to a straight line. [Br,); =[Br,], — [BrO}/2 (V)
The second OH profile, I, was measured with, Bdded to
the gas flow. The OH loss rate coefficient in this case was given Hence, the slope of a plot of the difference between the first-

by order rate coefficientsq'— k', vs [BrO], yielded a slope of
(ki — ko/2), from whichk; was determined using previously
In{[OH]; /[OH]}_ ' measured values d§. This assumes that Br is not lost in the
t = —(ky[Brjlo + k; + Kg[O4]) = —k; ~3 cm it travels in the flow tube prior to the introduction of
(N ozone and that Bris not lost to the reactor walls.

A representative set of OH temporal profiles is shown in
The difference between the first-order loss rate coefficients from Figure 1. Typical values of the first-order rate coefficients for
the two OH temporal profiless,'—k/', yieldedk,', wherek,’ = loss of OH observed in these experiments were 280 k',
ko[Br2]o. This value ofky’ was combined with our value &6 300-800 s for k', and 360 to 8607 for ky'. As shown in
to determine [Bf]o. In this analysis we assume that OH loss Figure 1, the first order loss rate coefficient nearly doubled when
from reactions 7 and 8 was not affected by the addition ef Br  Br, was added to the reaction cell. Turning on the microwave
This was consistent with our calculations of ozone loss during discharge to produce BrO further increased the first-order OH
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300 produced cleanly, it is not possible to maintain a constant
: - concentration of BrO in the absence obBecause it is rapidly
250L produced via the self-reaction of BrO
— -
lm, 200F BrO+BrO—Br,+ 0, k(298 K)=
= F * 3.8x 10 Bcm® molecule st (9a)
= 150F
! r —2Br+0, Kky(298K)=
_E 100( g 2.1x 10 2 cm® molecule*s™* (9b)
503_ .) Even if Br was recycled via reaction with ozoh@s in the
r i current study, via the reaction
% é :IQISS Br+ O;—BrO+ 0O,

12 3 k;o(298 K)= 1.2 x 10 **cm* molecule*s™* (10)
[BrO], 10 “ molecule cm

Figure 2. A plot of ky'—k' vs [BrO]. This plot yields a slope of  Production of By cannot be suppressed completely. To add to
(k; — kof2) = (2.06+ 0.32) x 10~ cr® molecule’ s~1. Combining this difficulty, the reaction of Brwith OH, reaction 2 is very
this quantity with a value ok;(298 K) of 4.8x 107 cm® molecule rapid. This situation is to be contrasted with the case of CIO,
s tyields a value foki(298 K) of (4.5+ 1.8) x 10~ cm® molecule* which can be easily produced via reactions such as OICIO

s~L. The uncertainty includes the estimated systematic errors (see text).and Cl 4+ CLO in either discharge flow tubes or pulsed

. ) . photolysis systems. Futhermore, the rate coefficient for the
loss rate coefficient by 5 to 36%. The observed increase in the .o tion of OH with cl

OH loss rate coefficient upon generation of BrO implies that
ki > ko/2. OH + Cl,—HOCI + CI

Figure 2 shows a plot dfy'—k;' vs BrO. The slope i&; — _ 14 3 11
ko/2 and the intercept should be zero. A nonweighted linear least- k;2(298 K)=6 x 10 ™" cm” molecule"s = (11)
squares fit yielded an intercept which was zero within the
uncertainty of the fit. Therefore, we fit the data with a fixed
intercept of zero and obtained a slope of (2406.32) x 10711
cm® molecule’! s71, as shown in Figure 2. This uncertainty
represents @ precision of the unweighted fit. There are five
experimental determinations &f(298 K) (all in units of 101!
cm?® molecule® s71) of 3.9611 4.8125.2813 4.214 and 3.415
leading to an average valuekf{298 K)= (4.34+-0.7) x 10°1¢
cm® molecule® s7. We prefer to use our recently measured
valuée? of ky(298 K) of (4.84 0.7) x 10711 cm® molecule?
s, where the quoted uncertainty is the overall estimated error
at the 95% confidence level. We prefer this value because it
was measured as a prelude to measukirand was determined F+ H,0— OH+ HF (12)
using the identical experimental apparatus. Using this value of
ko, we obtaink;(298 K) = (4.5+ 0.7) x 1071 cm?® molecule’®

is nearly a thousand times slow&thanks.

Because we used reaction 10 to produce BrO and needed a
large ozone concentration, we could not vary the concentration
of BrO over a wide range. Higher concentrations of BrO lead
to higher concentrations of Brand the efficiency of BrO
production also decreased, which exacerbated this situation.

Bogan et al report a value 0k;(300 K) = (7.5 & 4.2) x
10711 cm® molecule? s71. They used a discharge flow tube
equipped with mass spectrometric detection of OH, BrO, and
Bry. The [BrOR/[OH]o ranged from 0.4 to 1.2 in their experi-
ments. OH was formed in a sidearm via the reaction

2 i and BrO was formed in a separate sidearm by flowing a He/
s~ from the measured value d&y(— k2/2), and the uncertainty g/, mixture through a microwave discharge. The radical
in ko. concentrations were determined by chemical titration. Recently,
We quotek; with a total uncertainty, at the 95% confidence such BrO generation has been shown to produce other bromine
level, to beky(298 K) = (4.5 + 1.8) x 107! cm® molecule' oxide species such as OBi®whose reactivity with OH is
s'. The overall uncertainty was obtained by adding the unknown. Bogan et al. determinégfrom the least-squares fit
uncertainties in the fits of the temporal profiles in the presence of the fractional consumption of BrO, & [BrO]«/[BrO]o), vs
of Br, and BrO (3% each), the uncertainty in the BrO time to a reaction model consisting of a sequence of reactions.
concentration from its absorption measurement and concentra-The reaction model contained a number of secondary reactions
tion gradient (16%), and the uncertainty in [BrO] due to but the obtained value d§ was most sensitive to reactions 1,
photolytic production (7%) to the uncertainty in the valu&of 2 9, and the OH, BrO, and Broncentrations. They quoted
noted above. Addlng the fractional Uncertainties, rather than 20 uncertainty from the precision of the fit and did not include
assuming the uncertainties to be independent of one anotherany uncertainties in the reaction rate coefficients or concentra-
and combining them in quadrature, yields the quoted maximum tions. Nevertheless, given the large uncertainties in both of these
uncertainty of~40%. Our experiment determines the quantity experiments, largely due to the difficulty of this experiment,
(ki — ko/2). Therefore, ik, were revised in future experiments,  the two values ok; overlap with one another. We believe that
our value of ki — kx/2) can be used to recalculdite (298 K). our experiments are more accurate because they were carried
We employed the above method to deternkinleecause there  out under pseudo-first-order conditions in OH and modeling of
are several important experimental difficulties. First, it is the temporal profiles was not required. Additionally, by measur-
essentially impossible to produce and maintain significant ing the difference between the two temporal profiles, we have
concentrations of BrO in the absence.Brhis is mostly because  reduced possible systematic uncertainties in our measurements.
good precursors for BrO, such as OBrO and@rare highly Sumathi and Peyerimhoff predict that the HBr product from
unstable and also contain BrFurther, even if BrO were reaction 1 is unimportant below 2000 This conclusion was
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based upon their theoretical study showing a barrier height for could be attributed to BrO, even though scattered laser light
HOOBr dissociation to HBr- O, lying several kcal mol was minimal using the R1459 photomultiplier. Using the same
above the energy of the reactants. This result is analogous tosystem, we could detect CIO via two photon LIF by scanning
their conclusion on the CIG- OH reaction, except that the the doubled laser dye output over the range of-33® nm
barrier height for dissociation of HOOCI to H&l O, was about and focusing the beam with a quartz lens. Spectra similar to
3 times larger. Although the theoretical calculatingredict those previously reported for CIO were readily obser#ed.
HBr production to be an unimportant channel at atmospheric We estimate our sensitivity for detection of CIO to be-@) x
temperatures, HBr production cannot be ruled out. This is 10' molecules cm?3 for a signal-to-noise ratio of 1 for 100
particularly true because HCI has been reported as a product oflaser pulses, similar to previous reports. Hence, we are unable
the OH+ CIO reaction and the calculated barrier for the HBr to confirm that the fluorescence signal observed by Delmdahl
production is smaller than that for HCI production. If the and Gerické® was that of BrO. However, we should note that
branching ratio for HBr formation in reaction 1 is a few percent, Delmdahl and Gericke estimated that the BrO concentrations
it will have a significant effect in the atmosphere. Our value in their experiments could be as large as 210> molecules
for ky is lower than that used by Chipperfield efah their 1D cm~3, several orders of magnitude larger than that used in our
model. Therefore, to account for the difference between experiments. If such large BrO concentrations are necessary for
measured and calculated HBr levels in the stratosphere using2 photon LIF detection, it is not advantageous to use this method
our value ofk; would require a larger branching ratio for HBr  to measurds;. This is both because it will be difficult to operate
production in reaction 1. under pseudo-first-order conditions in BrO and the influence
The value ofk; reported here is about a factor of 2 larger of the BrO self-reaction.
than that for the analogous CI® OH reaction. By analogy
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