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The kinetics and mechanism of the reactions ©1BrO — products (1) and OB BrO — products (2) have

been studied in the temperature ranges of-2886 K and 236-320 K, respectively, and at total pressure of

1 Torr of helium using the discharge-flow mass spectrometric method. The following Arrhenius expressions
for the total rate constants have been obtained from the kinetics of BrO consumption in excess of OH(OD)
radical: k; = (1.65+ 0.30) x 10! exp{ (250 + 50)/T} cm® molecule* s7* (with k; = (3.8 + 0.9) x 10°1¢

cm® molecule® st at T = 298 K) andk, = (1.7 & 0.6) x 10 exp{ (2304 100)/T} cm?® molecule? st

(with ko = (3.7 4 0.9) x 10~ cm® molecule® s™* at T = 298 K), where uncertainties are twice the standard
deviation. From the kinetics of HBr formation, the upper limit of the rate constant of the reactioh Bi®

— HBr + O, (1b) has been determined Bt= 298 K: kip < 1.0 x 1072 cm?® molecule s (kyk; < 0.03

for the branching ratio of channel 1b). Similarly, for the reaction @BrO — DBr + O, (2b), the rate
constant a = 298 K has been determinedz, = (3.7 4+ 1.8) x 10713 cm® molecule* s~ (which corresponds

to the branching ratidoy/k, = (1.0 &+ 0.5) x 107?). In addition, the rate constant of the reaction @O,

— D20 + O, (3) has been measured for the first time:= (3.8 + 0.9) x 10 cm® molecule's ™t atT =

298 K. This work suggests that the additional HBr source from thet#OBtO reaction, although significant,

does not appear to be sufficient to explain the difference between current modeled and observed stratospheric
HBr concentrations.

Introduction The present work reports the results of the experimental study
d of reaction 1 aflf = 230-355 K, including the measurement
of the total rate constant and of the upper limit for the branching
ratio of the HBr-forming channel. The detection of small yields
OH + BrO— Br + HO, AH = —(8.2+ 1.8) kcal mor? of HBr from the OH+ BrO reaction is an experimental problem,
(1a) since significant residual concentrations of HBr are known to
be present in the bromine-containing chemical systems used in
— HBr + O, AH = —(46.6+ 1.4) kcal mol* the laboratory. In this respect, the reaction @BrO, which
(1b) is the isotopic analogue of reaction 1, has been also studied in

The reaction between OH and BrO radicals may procee
following two channels:

(enthalpy data are from ref 1 excebH; ,0s(HO,) = 3.0+ 0.4 the present work, since it offers a more appropriate system for
kcal mol-2223 and AH; 206(BrO) = 286+ 1.4 keal moft 4')_ the determination of a low DBr yield compared to HBr yield in
Channel 1b is of potential importance for the stratospheric the OH+ BrO system

chemistry of bromine. One current issue in the bromine _

chemistry in the stratosphere is that models fail to reproduce OD + Bro—Br + DO, (22)
(underestimate by a factor up to 6) the measured HBr concen- —DBr+ 0, (2b)

tration profiles. The existence of the minor HBr-forming

pathway of reaction 1 may significantly influence the overall |n addition, the results of the measurements of the rate constant
partitioning of bromine in the stratosphere, as well as the for the reaction between OD and B@dicals, which is involved
bromine-mediated ozone loss. It has been shown that a valuein the chemical system used for the determination of DBr yield

of the branching ratio of as low as-2% for HBr formation in in reaction 2, are also reported
reaction 1 would reconcile model calculati®fisand strato-
spheric HBr measurementsthus, the determination of both OD+ DO,—D,0+ 0O, 3)

the temperature dependence of the total rate constant and the

branching ratio for the HBr-forming channel is of great Experimental Section
importance. In the unique experimental study of the ©BrO
reaction® only the room-temperature value of the overall rate
constant has been measured with a large uncertakaty: (7.5

+ 4.2) x 107 cm® molecule’® s

Experiments were carried out in a discharge flow reactor using
a modulated molecular beam mass spectrometer as the detection
method. The main reactor, shown in Figure 1 along with the
triple movable injector for the reactants, consisted of a Pyrex

. o - tube (45 cm length and 2.4 cm i.d.) with a jacket for the
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Figure 1. Diagram of the apparatus used in (a) the kinetic study of reactions 1 and 2 and (b) the mechanistic study of reactions 1 and 2.

wax in order to minimize the heterogeneous loss of active Deuterium atoms were formed in the microwave discharge of
species. All experiments were conducted at 1 Torr total pressure,D, diluted in He or in the reaction of F atoms with, D

with helium as the carrier gas.

Two different methods were used for the generation of OH
radicals. In the first one, the fast reaction of hydrogen atoms

with NO, was used as the source of OH radicals
H + NO,— OH + NO 4)

k, = 4.0 x 10 *exp(—340/T) cm®*molecule*s * [1]

NO, was always used in excess over H atoms which were

produced in a microwave discharge of/He mixtures or in
reaction 5
F+H,—H+HF (5)

ks = 1.4 x 10 *° exp(=500/T) cm*molecule*s * [1]

F+D,—D+DF 9)

ko= 1.06 x 10 ' exp(—635/T) cm’molecule* s * [11]

OH and OD radicals were detected at their parent peakveat

= 17 (OH") andm/e = 18 (OD"), respectively. These signals
were corrected for contributions fromp@& and DO due to their
fragmentation in the ion source (operated at-28 eV), the
H,0 and DO being present in the reactor as precursors of the
radicals and/or being formed in the reactions of disproportion-
ation of OH and OD

OH+OH—O0+H,0 (10)
kyo= 7.1 x 10 " exp(210M) cm’molecule™* s * [9]

OD+OD— 0+ D,0 (11)

In the second method, OH radicals were produced in the reaction

of F atoms with an excess of,B, with F atoms formed in the
microwave discharge of FHe mixtures
F+H,0—OH+ HF (6)

ks = 1.4 x 10" exp{ (0 + 200)/T} cm’moleculé*s " [1]

ky; = 2.5x 10 exp(170T) cm®molecule* s [9]

These corrections could be easily done from the simultaneous
detection of the signals of 4 atm/e = 17 and 18 e = 18

and 20 for BO). In another method, OH and OD radicals were
detected as HOBr(m/e = 96/98) and DOBFt (m/e = 97/99),
respectively, after scavenging by an excess of @dded at

To reduce F atom reactions with glass surface inside the the end of the reactor through inlet 5, located 5 cm upstream of

microwave cavity, we inserted a ceramic £8%) tube in this
part of the injector. Similarly, the reaction of D atoms with
excess N@ and reaction of F atoms with JO were used to
form OD radicals

D + NO,— OD + NO ©)

k, = (1.20+ 0.25) x 10 " cm®*molecule*s™*
(T = 230-365 K) [9]

F+ D,0— OD + DF (8)

ks = 8.4 x 10 ™ exp(—260/T) cm’ molecule *s * [10]

the sampling cone) via reactions
OH + Br, — Br + HOBr (12)
k;, = 1.8 x 10 " exp(235T) cm’molecule* s * [12]

OD + Br, — Br + DOBr (13)

kis= 1.9 x 10 " exp(2201) cm’molecule* s * [12]

This detection method did not require any corrections on the
detected signals. The same procedure of OH(OD) chemical
conversion to HOBr(DOBr) was used for the measurements of
the absolute concentrations of these radicals: [©HHOBI]
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= A[Br;] ([OD] = [DOBr] = A[Bry]). Thus, OH and OD determination of the absolute concentrations of,HBe fast
concentrations were determined from the consumed fraction of reaction of fluorine atoms with D, was used as the source of
[Brz]. This method allowed also for the determination of the HO, radicals, with F atoms produced in microwave discharge

absolute concentrations of HOBr and DOBr. {Bwvas deter- of Fo/He mixtures

mined from the measured flow rate of knownBte mixtures.

The possible influence of secondary chemistry on this detection F+ H,0,—~HO, + HF (19)
method and on the OH(OD) calibration procedure was discussed 413 1 1

in details in previous papefé2 kig=5.0x 10 “cm’molecule " s~ (T = 300 K) [15]

Two reactions were used to produce BrO radicals .
It was verified by mass spectrometry that more than 90%of F

O+ Br,—BrO+ Br (14) was dissociated in the microwave discharggOfwas always
used in excess over F atoms. Absolute concentrations of HO
ki, = 1.8 x 10" exp(40m) cm’ molecule ' s [13] were measured using chemical conversion of,H® NO,

through reaction 20
Br+ O;— BrO+ O, (15)
HO,+ NO— OH+ NO, (20)
kis = 1.7 x 10 " exp(~800/T) cm’ molecule * s [1]
kyo = 3.5 x 10 *exp(250T) cm’molecule* s [1]
O atoms were generated from the microwave dischargefn O
He mixtures. Br atoms were produced either from the microwave This reaction leads to the simultaneous production of OH
discharge of BfHe mixtures or in reaction 16 between F atoms radicals. To prevent the possible H&generation by reaction
and HBr (for the mechanistic study of reactions 1 and 2) 21, we carried out calibration experiments in the presence of
Br; in the reactor
F+ HBr— Br + HF (16)

kys= 2.5 x 10 *° exp(~506/T) cm® molecule * s [14] OH+H,0, = HO, + 1,0 1)
ky, = 2.9 x 10 “exp(—160/T} cm’moleculeé™® s [1]

BrO radicals were detected at their parent peak/at= 95/97

as BrO". Two methods have been used for the determination ThUS, OH was rap|d|y consumed byzahrough reaction 12.

of the absolute concentrations of BrO radicals. The first one Similarly, reaction 22 of F atoms with£, was used to produce

consisted of the usual procedure of BrO titration with NO, with DO, radicals and reaction 23 to measure their absolute

the subsequent detection of N@rmed ([BrO] = [NO2]) concentrations
BrO+NO— Br+ NG, 17 F+ D,0,— DO, + DF (22)
k;; = 8.8 x 10" “exp(260T) cm’molecule * s [1] DO,+ NO— OD + NO, 23)

In this case, BrO was formed in reaction 14 in order to avoid k,;= (1.14 0.3) x

the regeneration of BrO through reaction 15 whes Wias —11 3 1ol —

presengt in the reactor. Anothergmethod for the calibration of 10 cmmolecule s = (T = 297K [16]

BrO signals employed reaction 15 between Br atoms and 0zone.The concentrations of Nand of the other stable species used
Br atoms, formed in the microwave discharge of,Brvere  \yere determined from the measurements of pressure drop rate
consumed by using high ozone concentrationss|([© 10'° in flasks containing mixtures of known dilution. The KH@nd
molecules cm?®). The concentration of BrO was then determined po, radicals were detected at their parent peaksvat= 33
from the fraction of By dissociated in the microwave discharge. (40,+) andm/e = 34 (DO,+), respectively. These signals were
In these calibration experiments, the influence of the recombina- a\ways corrected for contributions from®, and DO, due to

tion reaction of BrO radicals (eq 18) (leading to steady state thejr fragmentation in the ion source. These corrections were
for Br) was negligible due to the high ozone concentrations used made from the simultaneous detection of the signals fro@,H
atm/e = 33 and 34 (Ve = 34 and 36 for DO,), respectively.

BrO+BrO—Br+Br+0, (18a) Bromine atoms were detected at their parent peaks as Br
—Br,+ 0, (18b) (m/e = 79/81). The absolute concentrations of Br atoms could
be obtained from the fraction of Brdissociated in the
Kga= 2.4 x 10 exp(40T) cm’molecule * s * [1] microwave discharge ([Brf= 2A[Br2)).
The absolute calibration of HBr (detected at its parent peaks
Kigp= 2.8 x 10 **exp(860T) cm®*molecule * s [1] m/e = 80/82) was obtained from the flow rate measurements

of known HBr/He mixtures. This method had to be applied with
Besides, all bromine containing species involved in reactions special care, since it is known that HBr can decompose during
15 and 18 were detected, and the small concentrations of Brits storage, giving bl and Bek. In the present study, HBr
atoms (not transformed to BrO) could be easily taken into (Aldrich, stated purity> 99.8%) was purified by distillation
account: A[Br;] = [BrO] + [Br], whereA[Br] is the fraction before use. HBr/He mixtures were stored in a glass flask which
of Brp dissociated in the discharge. The absolute concentrationswas previously passivated with HBr. It was verified by mass
of BrO determined by these different methods were always in spectrometry (detection of the possible decomposition product
good agreement (within a few percent). Br, and invariance of the HBr calibration from day to day) that
HO; radicals, Br atoms, and HBr molecules were observed no significant decomposition of HBr occurred during its storage
in the chemical system used for the determination of the for a few weeks. The decomposition product,Bvas measured
branching ratio for the channel (1b) of reaction 1. For the to be less than 0.1% of HBr. To verify the reliability of these
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measurements of the HBr absolute concentrations, we usedTABLE 1: Reaction OH + BrO — Products (1):

another method. It consisted of the chemical conversion of HBr Experimental Conditions and Results for the Direct

to Br by an excess of F atoms through reaction 16. In this case,M€asurements of the Rate Constant

the concentration of HBr could be related to the concentration source  detection

of the Br atoms formed. The relation between HBr and Br T(K) nofexp? [OH]> ~ of OH  of OHF Ky
signals obtained by this method was in good agreement (within 355 0.6-7.3 H+NO, OH" 3.3+0.8
a few percent) with the results of the independent calibrations 323 0.76.7 H+NO, OH' 3.4+0.9
of HBr and Br. In the experiments with DBr detection, the ggg 8&?-2 E:HN%Z :ggg g-gié-g
calibration factor (concentration-to-signal ratio) was considered 3,5 08103 H+ N202 HOBr 364009
to be the same for HBr and DBm(e = 81/83). This hypothesis 208 7. F+H,O HOBr 3.9+1.0
was verified experimentally. Using the chemical conversion of 273 0.6-7.2 H+NO, HOBr* 43+11
H and D atoms to HBr and DBr via reactions 24 and 25, 270 0.8-6.4 F+ HO HOBr*  4.0+1.0
respectively, we could relate the intensity of both HBr and DBr 250 0.79.0 H+NO, HOBr" 43+11

N
0 0O~N00WONNOO
o
\,
N

; ; 248 0.7+7.2 F+ HO HOBr* 4.6+1.2

signals the concentration of Br 530 0658 H+NO, OH 49+ 19
H + Br,— Br + HBr (24) 3 Number of kinetic runs® Concentrations are in ¥dmolecules

cm3, ¢ OH radicals were detected as Oliwe = 17) or as HOBr
k,,=6.7x 1010 exp673m) cmimoleculels™? [17] (m/e=96/98) after scavenging by excess Bree text) ¢ Rate constants

24 are in 10t cm?® molecule® s™%, and errors are the conservative 25%
D + Br,— Br + DBr (25) uncertainties, including estimated systematic errors.
kys = 6.0 x 10 exp(—709/T) cm*molecule* s ' [17] were formed either in the reaction of H atoms with N@ in

the reaction of F atoms with4®. H or F atoms formed in the
In these experiments, the ratio of concentration to signal intensity microwave discharge (inlet 3) were introduced into the reactor

was found to be the same for HBr and DBr. through the outer tube of the movable injector, and,NOH,O
Ozone was produced by an ozonizer (Tra”igaz) and was was passed through the reactor sidearm (inlet 4). The second
collected and stored in a trap containing silica geT at 195 reactant, BrO radicals, was formed in the central tube of the

K. The trap was pumped before use in order to reduce the O sliding injector through the reaction of oxygen atoms (inlet 1)
concentration. The resulting oxygen concentration was alwaysWith excess By (inlet 2). Concentrations of the reactant
less than 20% of the ozone concentration introduced into the Precursors, Brand NQ, in the reactor were 0:51.0 x 10'?
reactor. The absolute concentration of @as derived using ~ and 6-7 x 10" molecules cm?, respectively. NO was another
the reaction of ozone and NO with simultaneous detection of SPecies present in the reactor, since it was formed in the OH

ozone consumed and N@rmed A[O3] = A[NO)) source (reaction 4) and in the sequence of reactions 10 and 27
NO+ O,— NO,+ O, (26) OH+ OH—O0+H,0 (10)
kos = 2.0 x 10 "exp(—1400T) cm®*molecule* s * [1] O+ NO,—NO+0, (27)

— —12 3 —1 -1
The purities of the gases used were as follows: He, Ko7 = 6.5 x 10 "exp(1207) cm” molecule ™ s~ [1]

>09.9995% (Alphagaz) was passed through liquid nitrogen
traps; Q > 99.995% (Alphagaz); H> 99.998% (Alphagaz);
D, > 99.7% (Alphagaz); BO (99.9% D, Euriso-top); k80
(96.5%180, Euriso-top); B > 99.99% (Aldrich); K (5% in BrO + NO— Br + NO, (17)
Helium, Alphagaz); N@ > 99% (Alphagaz); NO,>99%
(Alphagaz), was purified by trap-to trap distillation in order to - The F+ H,0 reaction is NQ free source of OH radicals.
remove NQ traces. A 70% KO, solution was purified to around  However, in absence of NGn reactor, the O atoms formed in
90% by flowing helium through the bubbler containing®i. reaction 10 and, to a lesser extent, through reaction 28 in the
OH production zone

NO thus formed ([NO]= [OH]p) led to additional BrO
consumption in reaction 17

Results

1. Reaction OH+ BrO — Products. The determination of F+OH—O+HF (28)
the total rate constant for reaction 1 represents a significant
experimental challenge, as it is difficult to avoid the influence
of multiple possible secondary and side processes involving
reactants and products of reaction 1 as well as the precursor
of OH and BrO radicals. In the present work, two different
approaches were used to measure the rate constant of reaction O+ BrO—Br+ 0, (29)

1. First, k; was measured directly under pseudo-first-order

conditions using an excess of OH over BrO radicals. In another  k,q= 1.9 x 10 **exp(230T) cm® molecule * s * [1]
series of experiments, a relative rate method was employed,

using the reaction OH- Br; as the reference. For this reason, in the experiments using-FH,O reaction to

a. Absolute Measurements of the Total Rate Consliartiis produce OH radicals, Nfwas also introduced into the reactor
series of experiments, the rate constant of reaction 1 was derivedinlet 4) in order to scavenge the O atoms. Thus, NO was always
from the kinetics of BrO consumption monitored in excess of present in the reactor, and the measurements of the rate constant
OH radicals. The configuration used for the introduction of the of reaction 1 were conducted in the presence of NO. The range
reactants into the reactor is shown in Figure 1a. OH radicals of the initial concentrations of OH is shown in Table 1, whereas

can further react. Under the present experimental conditions,
oxygen atoms could lead either to the generation of BrO radicals
in reaction 14 with By or to the consumption of BrO in reaction
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Figure 2. Example of pseudo-first-order plot of BrO consumption in  Figure 3. Example of pseudo-first-order plot of BrO consumption in
the reaction with excess OH radicals in the presence of NO: OH source the reaction with excess OH radicals in the presence of NO: OH source
is the reaction H+ NO,, T = 300 K, ki’ measuree™= ka[OH] + ki7[NO] + is the reaction F+ H,0, T = 298 K, ki'measured™ ki[OH] + ki7{NO] +
kw (filled circles)ki’ = ki[OH] + ky (open circles; see text), and the ky (filled circles), andk,’ = kifOH] + k. (open circles; see text).
pseudo-first-order plot of Brconsumption in the reaction with OH
(squares). .

+ OH reaction. One can also note that the corredéediata

are well fitted by the linear dependence versus [OH], which is
not the case for the measured values of the pseudo-first order
rate constant. This seems to show that the contribution of the
BrO + NO side reaction to the consumption of BrO is properly
taken into account by the applied procedure. A consumption of
the excess reactant, OH radicals, was also observed (generally
lower than 20%, however, up to 50% in a few kinetic runs).

the initial concentration of BrO radicals was (£8.0) x 101
molecules cm®. The linear flow velocity in the reactor was in
the range of 16062200 cm s?.

The observed consumption of BrO was due to reaction 1,
reaction 17, and wall losk(). The reaction of BrO with HQ
which is the main product of reaction 1, had negligible impact

onc';he I:jinﬁtics of BrO dueftohth? low initigl cor}centrﬁticc))ns of This OH consumption was due to reaction with BrO (eq 1),
BrO and the occurrence of the fast reaction of H@th OH HO, (eq 31), and Br (eq 12) to the OH disproportionation
BrO + HO,— HOBr + O, (30) reaction 10, to reaction with Neq 32), and to the hetero-
geneous loss of OH

_ —12 3 ;11
Kso=9.4 x 10 ~“exp(345T) cm’molecule " s - [18] OH + NO, (+M) — HNO, (+M) (32)

OH + HO,—H,0+ 0, B =

ky; = 4.8 x 10 " exp(250T) cm®molecule* s [1] 2.5 x 10%(1/300) **cm’ molecule 2s™* (for M = N.,) [1]

Thus, the pseudo-first-order rate constant which could be derivedThis value ofks; is recommended in ref 1 for M= Np. The
from the exponential fit to the experimental BrO decays was value ofks, with He as a third body can be lower by a factor
2—321 By comparison, the rate constants of the reaction of OD
Ky measured= Ki[OH] + kyANO] + k,, with NO, reported in ref 22 ar& = 4.05 x 1073% and 1.27x
1030 cmf molecule? s™1 for M = N, and He, respectively. In
When the known value df;7 and the concentration of NO in  the calculation of the rate constants, [OH] and [OD] have been
the reactor (which was directly measured by mass spectrometry)kept constant, with a mean value along the BrO decay kinetics.
were considered, the contribution of reaction 17 could be easily A numerical simulation of the BrO decay kinetics, using the
calculated and extracted froki' measuredO Obtain the corrected  observed [OH] temporal profiles, gave the same valueskfor
valuek;' = k;[OH] + ky. An example of the dependencies of (within 5%). The final results obtained fdg in this series of
the measured and corrected pseudo-first-order rate constantgxperiments are given in Table 1 and are also presented in Figure
versus OH concentration (with reaction 4 as a source of OH) is 4. A good agreement can be noted for the results obtained for
shown in Figure 2. The correction dq’'measureqdue to the ki under the different experimental conditions and with the
reaction of BrO with NO is around 50% in this case. The rate different methods for the OH detection. The uncertainties on
constant of reaction 1 was calculated from the slope of the linear k; represent 25% conservative uncertainty, which is the com-
fit of the plots of the corrected pseudo-first-order rate constant bination of statistical and estimated systematic errors. The

versus OH concentration. All the values Bf measureaWere estimated systematic uncertainties inclue?o for flow meter
corrected also for axial and radial diffusinof BrO. The calibrations+1% for temperaturet-3% for pressure, antt10%
diffusion coefficient Dg;o-ne Was calculated from R-—pe.2° for the absolute OH concentrations. Combining these uncertain-

Typical corrections were within 10%. A similar example, ties in quadrature and addingl5% for the statistical error and
obtained with reaction 6 as a source of OH, is shown in Figure uncertainty on the contribution of Br@ NO reaction yield

3. One can note that in this case, the correctiofOfeasuredS ~25% overall uncertainty on the values laf

higher at the highest concentrations of OH. This could be Possible error from the method of OH detection as HOBr
expected since the main source of NO in this case is reaction(m/e = 96/98) has been considered. Additional HOBr could be
27 of NO, with O, the oxygen atoms being formed in the OH formed in the main reactor as a result of the secondary reaction
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Figure 4. Temperature dependence of the total rate constant of the Figure 5. Reaction OHt- BrO — products (1): relative measurements

reaction OH+ BrO — products (1): @) OH source is the reaction F
+ H.0, with OH detected as HOBy () OH source is the reaction H
+ NO,, with OH detected as HOBy (O0) OH source is the reaction H
+ NO,, with OH detected as OH (O) relative measurements &f;
(x) data from ref 8.

of BrO with HO; (30) (produced in reaction 1) and reaction 12
of OH with Br, from BrO source. This could lead to the
overestimation of the OH concentration in the reactor. However,
this HOBr formed in the reaction system could be easily
observed (when Brwas not added at the end of the reactor)

of the rate constant (see text).

experiments described below using isotopically labeled OH
radicals,'®OH. In this case, the reactidfOH + Br;, produces
H'80Br, whereas the sequence of reactions 1a and 30 leads to
H1%0OBr formation

¥OH + Br**0 — H®0™0 + Br
Br'®0 + H'®0™0 — H'®0Br + *¥0'°0

(1a)
(30)

and could be extracted from the HOBr signal corresponding to Thys the primary and secondary sources of HOBr can be

the concentration of OH (measured with addition of Brthe
end of the reactor). The concentration of HOBr from reactions

distinguished.
In these experimentd®0OH radicals were produced via the

12 and 30 was always much lower than that corresponding to reaction of F atoms with 5180 and were introduced into the

the OH concentration.
b. Relatve Measurements of the Rate Constémthis series

reactor through the central tube of the movable injector. The
BrO/Br, mixture was prepared by reaction of oxygen atoms

of experiments, the rate constant of reaction 1 was measuredimjcrowave discharge of £He, inlet 3) with excess Br(inlet

using the reaction of OH with Bras the reference

OH + Br,— HOBr + Br (12)

The temperature dependence of the rate constant of this reaction
is well established, considering the excellent agreement between

two recent measurements;, = (1.98 4+ 0.51) x 1071t exp
[(238 + 70)/T]23 andky; = (1.8 + 0.3) x 10 L exp [(235+
50)/T] cm® molecule’! s71.12 The approach used in this relative
study consisted of the titration of the initial concentration of
OH, [OH]o, by a mixture of excess BrO and Bend the
measurements of the HOBr yield as a function of the [BrO]/
[Bry] ratio. The concentration of HOBr formed is simply defined
by the fraction of [OH} reacting with Bg

ko[BIl

e I
(HOBM =1 Br,] T kBroj oo M
Considering the derived expression
[OH], ki [BrO]
—l=—x—= ()
[HOBI] ki, [Brg]

we can obtain the rate constant rakigk;» and, hencek; by
plotting [OH]/[HOBr] — 1 as a function of the [BrOJ/[Bi
ratio. The main experimental difficulty in these measurements

4) through reaction 14. To reach higher concentrations of BrO

and to minimize the BrGr BrO reaction, we added ozone into

the reactor

Br+ O;—BrO+ 0O, (15)

Both BrO and Bjs concentrations were varied, and the yield of

H180OBr (detected atrve = 100) was measured as a function of

[BrOJ/[Br] ratio. A typical experimental plot, measured &t

= 240 K, is shown in Figure 5. According to expression I, the

slope of this linear dependence gives #i;, ratio. All the

results obtained at three temperaturés<355, 299, and 240

K) are presented in Table 2, which also reports the initial

concentrations of8OH, Br,, and BrO used as well as the final

results obtained fdt;. The values okj» used in the calculations

of k; were determined from the Arrhenius expressigin— 1.9

x 1071 exp(235T) cm® molecule’? s71 (preexponential factor

is the mean of those reported in refs 12 and 23) with the addition

of a conservative 15% uncertainty, considering that in refs 12

and 23 (i) similar values were measured for the activation factor,

E/R = 238 and 235 K, respectively, and (ii) the difference

between the reported preexponential factors was around 10%.
One of the advantages of the above approach for the

determination oky/ki, ratio is that it does not require measure-

ments of the absolute concentrations of the involved species.

[OH]o could be expressed in the relative units as HOBr signal

is that additional HOBr can be formed in the fast secondary when [OH], was titrated by an excess of BiThus, in these

reaction of BrO with HQ (30), the HQ being produced in
reaction 1. To exclude this possibility, we carried out all the

experiments, only HOBr signal was detected, first in the absence
of BrO (corresponding to [OH] and second in the presence of
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TABLE 2: Reaction OH + BrO — Products (1): Experimental Conditions and Results for the Relative Measurements of the

Rate Constant

T (K) [OH] o2 [BI’O]b [Br2]b [BTO]/[Brz] ka/kq2® kld

355 3.0 1.6-4.2 2.0-9.2 0.1+1.57 0.91+ 0.02 3.35+ 0.60
299 25 1.+44 2.6-7.8 0.15-1.45 0.92+ 0.03 3.85+ 0.70
240 2.3-6.4 0.3-4.0 1.9-7.0 0.05-2.04 0.95+ 0.02 4.8+ 0.8

2 Concentrations are in 3dmolecules cm?. ® Concentrations are in ¥dmolecules cmd. ¢ Uncertainty of theki/ki. ratio is 1o from the linear
fit. 9 Rate constants are in 18 cm® molecule s, and uncertainty ok; represents combination of the uncertaintie&;ef(15%) andki/ki (10).

BrO/Br, (corresponding to the fraction of [OKteacted with

TABLE 3: Measurements of the Rate Constant of the

Reaction OH + BrO — HBr

; + O3 (1b): Mechanism Used in
Br). The measurements of the absolute concentrations of BrOhe Computer Simulations 2 (10)

and Brk could be also avoided, since the mass spectrometric
signals of these species could be related to each other using the

reaction

rate constaht

reaction of excess ozone with Br atoms from the microwave OH + BrO — HBr + O, kap, varied
discharge of Bx. In this case, &[Br;] = [BrO], and one can OH + BrO— Br + HO, kia varied
iv find th |ati bet the si s of BrO dB OH+ HO, — H,O + O, 1.1x 10°
easily find the relation between the signals of BrO and, Br. HO, 4+ BrO — HOBr + O, 31x 101
which correspond to the same concentrations of these species. HO, + Br — HBr + O, 1.7x 10712
This relative calibration was verified to be in good agreement HO, + NO— OH + NO; 8.1x 10°%2
with the absolute measurements of Bnd BrO concentrations HO; + O3 — OH + 20; 2.0x 101?
(as described in Experimental Section). BrO + NO—Br + NO, 2.1x10°
h ible infl f d hemi he obtained BrO + BrO— Br + Br + O, 2.7x 10712
The possible influence of secondary chemistry on the obtaine BrO + BrO — Br, + O, 0.5x 1012
results appears to be negligible. There are two important Br+ O;— BrO+ O, 1.2x 1012
assumptions for the above treatment to be correct: (i) OH is OH+ 03— HO,+ O, 6.8x 107+
only consumed in reactions with BrO and,Band (ii) no other OH + HBr — Br + H;0 1.1x lUE
sources of FfOBr than reaction 12 exist. These conditions were OH+ OH— O+ H0 Lax l(Tll
tisfied due to (i) the use of low initial concentrations of OH O+OH—H + 0, 3.3>10°
satistie : > € O+ HO, — OH + O; 5.9 1071
and high concentrations of BrO and Bto ensure negligible O+ BrO— Br+ 0, 4.1% 10°11
contribution of OH+ OH and OH+ Os reactions) and (i) the O+ NO,—~NO + 0, 9.7x 102
use of isotopically labeled OH. H+ 03—~ OH+ O, 2.9x 101(1)
The results of another approach in this relative study of H+NO, — OH+ NO 1.3x 1014
reaction 1 are shown in Figure 2. In this case, the kinetics o BrO + wall — loss 35t
Br; (Br, from the source of BrO) and BrO in their reaction with OH + wall — loss 5!t
OH radicals were observed simultaneously. As one can see from HO, + wall — loss 5st

the data presented in Figure 2, similar values for the pseudo-

aFor bimolecular reactions, units are tmolecule® s1; all rate

first-order rate constants were observed from BrO angl Br constants at = 298 K are from ref 1, except HOF BrO1 HO, +

decays, indicating that the ratla/ki» is around unity aflf =

300 K. this work.

The results of the relative measurementk;aire in excellent

Br,2* OH + OH,° OH + HBr,? and the wall loss rates measured in

agreement with those from the absolute study (Tables 1 and 2). Experiments were carried out at 1 Torr total pressure and
The temperature dependence laf combining all the data  only at room temperature. The configuration of the flow system
obtained fork;, is presented in Figure 4. The following used in these experiments is shown in Figure 1b. The initial
Arrhenius expression is derived: reactants, OH and BrO, were formed in a sequence of reactions
conducted in different regions of the main reactor. In region 1,
HBr molecules were transformed into Br atoms by fast reaction
with an excess of atomic fluorine (from microwave discharge
of Fo/He mixtures). Further, INO, mixture was added to this
chemical system. In reaction zone 2, F atoms were completely
Quoted uncertainties represent two standard deviations. consumed by an excess of,lnd hydrogen atoms thus formed

c. Measurements of the Branching Ratio for the HBr-Forming reacted with N@, producing OH radicals. Finally, in region 3,
Channel OH+ BrO — HBr + O; (1b). The determination of i.e., in the main reactor, Br atoms reacted with ozone to form
an expected low branching ratio for the HBr-forming channel BrO radicals. This configuration allowed (i) aHree chemical
of reaction 1 is an experimental challenge since (i) small system (to avoid the fast side reaction @HBry) with relatively
amounts of the minor product, HBr, should be detected and high concentrations of the reactants, OH and BrO (up f& 10
quantified and (ii) relatively high background concentrations molecules cm3), and (i) avoiding the use of the microwave
of HBr are known to be always present in the reactor when Br discharge of By, which should have led to high background
containing species are used and, particularly, when a microwaveconcentrations of HBr. The kinetics for eight species involved
discharge of Bris operated. Considering this, we conducted in this complicated chemical system were observed: OH, BrO,
the experiments with relatively high concentrations of the Br, HO,, NO, NO,, HOBr, and HBr. A reaction mechanism
reactants, OH and BrO. The disadvantage of such experimentalused in the simulation of the experimental curves is shown in
conditions is that secondary reactions cannot be avoided andTable 3. An example of the experimental and simulated kinetics
can significantly affect the quantitative detection of the minor is presented in Figure 6. The variable parameters were the rate
product. In the present study, this problem has been solved byconstants of reactions 1la and 1b. They were determined from
observing directly the kinetics of all the species (reactants, the best fit to the kinetics of OH consumption and HBr
intermediates) involved in HBr formation and consumption.  formation, respectively. For all other species, a good agreement

k, = (1.65=+ 0.30) x 10 ** exp[(250+

50)/T] cm®*molecule*s* T = (230-355) K
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10 TABLE 4: Measurements of the Rate Constant for the
Reaction OH + BrO — HBr + O, (1b): Experimental
N (a) Conditions and Results

[HO,Ix10 no [OHP [BrO]2 kio/ 107110 kqp/10713P

-]

q 1 7.3 4.6 3.4 0.2 6.7+ 1.0
2 7.8 4.3 3.6£1.0 6.6+ 1.0
6 3 8.2 6.3 3.5 05 42+1.2
4 8.6 2.6 3.4 03 7.4+ 0.6
5 9.2 3.0 3.6:0.4 8.4+1.4

a Concentrations are in ¥molecules cmd, and the concentrations
represent those measured at the top of the reaction z8mate
constants are in cirmolecule s71, and the uncertainties are 95%
confidence limits on the fitting procedure.

concentration (1012 molecuie cm‘3)

[ INOIx0.01 5 S
‘t
L]

Il 1 l 1 | 1
0 4 8 12
time (ms)

sentation of the chemical processes occurring in the reactor.
Figure 6b shows the sensitivity of the HBr profiles to the rate
constant of reaction 1b (presented as the branching kafia

with k; = 3.8 x 1071 cm® molecule s1 from this work). All

the results obtained fdt,andk;y in a series of five experiments

45 are shown in Table 4. One can note that the results obtained
Simulation with k1p/k: for the total rate constant of reactionky,= kia + kip, are in

— — 0 excellent agreement with those obtained in the kinetic study of
a0k 0.1 the reaction, although they were determined under completely
— 002 PO different experimental conditions. The mean valuekigifrom

- oo oo LT this series of experiments kg, = (6.7 £ 1.9) x 10723 cm?

®  eperiment - molecule! s71 (where uncertainty represents 95% confidence
limits on the results of the simulation). Using the valugpf
(3.8£ 0.9) x 1071 cm® molecule! s 1, we find the branching
T ratio of the channel (1b) to beyk; = (1.8 = 0.8) x 1072

A NN The results of the simulation have shown that, under the
L - B experimental conditions used, the contribution of reaction 1b
to the observed HBr formation was in the range of4500%.
25— The other part of the observed HBr was due to reaction 33.
Thus, the precise knowledge of the rate constant for reaction
33 is very important for the determination &f,. This rate

2.0 ' ' ' | ! constant seems to be well established, since the data obtained

0 4 fime (ms) 8 12 at room temperature fdes in the three most recent studies are

i . - 12 26
Figure 6. Example of experimental (points) and simulated (lines) consistent: kg = (1.98 & 0.05) x 10 %% (1.5 & 0.2) x

12 27 12 1g 124
kinetics for the species detected in the chemical system used for the1cr 2’ and (1.7+ 0.2) x 1072 en® mO|ECUI€. S In the
study of the reaction OH BrO — HBr + O, (1b): t = 0 corresponds ~_Present work, the value measured recently in this laborétory

to the first observation point at the top of the reaction zone (see text Was used in the simulations. The results obtained{pwere
for Figure 6a,b). indeed very sensitive to the value lef: using the values 1.5
x 1072 and 2.0x 102 cm® molecule* st for this rate

(typically within 10%) between experimental data and results constant led to changes in the fitted valuegfwithin +20%
of the simulation was achieved without any variation of the and —30%, respgctlyely. . '

kinetic parameters. Although the reaction mechanism used in Another reaction influencingu, is OH + HBr (eq ?ff) Its
the simulation of the experimental data appears to be rather'a!€ consgant s well-knownkss = (1.1 + 0.1) x 10 ** cn®
complex, the kinetics of HBr is, in fact, defined by only three Molecule™ s™, as measured in refs 25 and 2B and
processes: reactions 1b and 33, leading to HBr formation, and"ecommended in refs 1 and 33. Variation kaf within its

1HBr] (1011 molecute em-3)

reaction 34, leading to HBr consumption uncertainty range#10%) led to changes iky, within +20%
and —6%, respectively. The consumption of HBr by OH has
HO,+ Br— HBr + O, (33) another important consequence in the fitting procedure, since
the rate of HBr formation depends on the absolute concentration
ks = 4.9 x 10 “exp(—310/T) cm’*molecule * s * [24] of HBr
OH + HBr — Br + H,0 (34)  d[HBr)/dt =k, JOH][BrO] +

kso[Br[[HO ;] — ks [OH][HBr
kes = 5.3 x 10 2exp(225T) cm® molecule * s * [25] dBrlHO2 = ke OHIIHBT]
It means that the kinetics of HBr, from whidfy, is derived,
Thus, the simulated profiles of HBr are only sensitive to the depend on the initial concentration of HBr in the reactor (first
rate constants for reactions 1b, 33, and 34 and to the concentraobservation point). In this respect, the signal detected/at=
tion profiles of OH, BrO, Br, and H® All these species were 80 can be either completely attributed to HBr present in the
directly detected and their absolute concentrations were mea-reactor or partly due to contributions from other species or from
sured. From Figure 6a, it can be seen that the reactionthe HBr" ion formed in the ion source (as a result of
mechanism used for the simulation gives an adequate repre-homogeneous or heterogeneous chemical processes, for ex-
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400 TABLE 5: Reaction OD + BrO — Products (2):
Experimental Conditions and Results for the Measurements
of the Reaction Rate Constant

T (K) no/exp? [OD]o® source of OD ki®
300 — 320 8 0.6-8.9 F+ DO 3.4+0.8
299 9 0.5-8.2 F+ DO 3.7+ 0.9
L 293 6 0.7~7.3 D+ NO; 3.9+1.0
— 273 8 0.7-8.8 F+ DO 3.6+ 0.9
1,,/ 200 — 270 8 0.6-7.9 D+ NO; 40+1.0
" 248 9 0.4-7.9 F+ DO 42+ 1.1
= i 230 6 0.6-34 D+ NO; 4.7+1.2

aNumber of kinetic runs? Concentrations are in ¥®dmolecules
cm3. ¢ Rate constants are in 18 cm® molecule* s™%, and errors are

Temperature {(K):

100 0O 248 the conservative 25% uncertainties, including estimated systematic
® 29 errors.
O 320
10

0 I SR O S -

0 2 4 6 8 10 8r

[oD] (1012 molecule cm™3) N

Figure 7. Example of pseudo-first-order plots of BrO consumption in = 61

the reaction with excess OD radicals. o -
‘o

. , 3 4 r
ample). In the above calculations, the signahét = 80 was 2

considered as corresponding to HBr present in the reactor. Thus, o .
the value obtained fdt;, must be considered as the upper limit 5
of the rate constant. Therefore, only the upper limits Kgy -

andkiyk; are recommended from this study T 2

N Source of OD radicals:
ky, < 1.0 x 10 2 cm’molecule*s™* @  reactionF 00
. reaction D + NOy
k,/k, < 0.03
1 | \ 1 | |
2. Reaction OD+ BrO — Products. a. Kinetic StudyThe 30 35 4.0 45

rate constant of reaction 2 was measured in a similar way to 10007 (K1)

that of the OHH BrO reaction. The kinetics of BrO consumption Figure 8. Reaction OD+ BrO — products (2): temperature
were monitored in excess of OD radicals. BrO radicals were dependence of the reaction rate constant.

formed in the reaction of O atoms with excess Brthe central

tube of the movable injector. OD radicals were produced through yeactor (Figure 2). In region 1, HBr molecules reacted with an

the reactions of D and F atoms (inlet 3) with N@nd DO excess of atomic fluorine to give Br atomsy/RO, mixture
(inlet 4), respectively. When the + D20 reaction was Used3as was introduced into the reactor through inlet 4. In reaction zone
a source of OD radicals, NGt concentrations of 67 x 10* (2), F atoms were completely consumed by an excess,of D

molecules cm?® was also added in the reactor (inlet 4) in order znd D atoms thus formed reacted with N@roducing OD
to scavenge oxygen atoms. The initial concentrations of BrO yagjcals. Finally, in region 3, Br atoms reacted with ozone to

radicals were in the range of 2.0 x 10"molecules cm3. form BrO radicals. The kinetics of OD, BrO, Br, BONO,
The concentrations of the precursor species in the reactor wereNyo, DOBr, and DBr were observed experimentally. A reaction
as follows: [QO]2= (1-2) x 104 gnolgcgles cm?, and [Bp] mechanism used in the simulation of the experimental profiles
= 0.5-1.0 x 10'* molecules cm?. Similar to the study of s shown in Table 6. The kinetic data for deuterium substituted
reaction 1, the pseudo-first-order rate constakits= —d(In- radicals OD and D@were required for the simulation and are

[BrO])/dt, obtained from the BrO consumption kinetics, were yery scarce in the literature. However, in recent studies from
corrected for the contribution of the reaction of BrO with NO. s jaboratory, the kinetic data for the key reactions involved
Examples of the corrected pseudo first-order plots obtained atj, the OD + BrO chemical system were measured: reactions
different temperatures in the reactor are shown in Figure 7. All ¢ po, with BrO® and B4 and reactions of OD with DB#

the results obtained fdr, at the different temperatures of the  op 9 and DQ [this work]. For all other reactions of OD and
study are reported in Table 5. The temperature dependence ofy0, (which have negligible impact on the fitting procedure),
the rate constant of reaction 2 is also shown in Figure 8. Theseihe known kinetic data for analogous reactions of OH ang HO

data provide the following Arrhenius expression: were used. The simulation of the experimental runs shows that
11 this mechanism well represents the chemical processes occurring
ks=(1.740.6) x 10 " exp[(230+ in the reactor (see Figure 9a). As in the previous case, the two
100)T} cm®*molecule*s™* T = (230-320) K parameter$z, andkz, were determined from the best fit to the
experimental kinetics of OD and DBr, respectively. Figure 9b
where the quoted uncertainties represent 2 shows the sensitivity of the simulated profiles of DBr to the

b. Mechanistic Studyn the mechanistic study of reaction 2, kap/ks ratio. All the data obtained fdk,, andk;y, are presented
a procedure similar to that described above for reaction 1 wasin Table 7, along with the concentrations of OD and BrO used.
used. The initial reactants, OD and BrO, were formed in a The initial concentrations of the other species were as follows:
sequence of reactions conducted in different regions of the main[O3] = 3.3—9.0 x 104, [Br;] = 4.3—11.9x 10, [NO] = 1.0~
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TABLE 6: Measurements of the Rate Constant of the
Reaction OD + BrO — DBr + O; (2b): Mechanism Used in
the Computer Simulations

reaction arate constant ref

OD + BrO — DBr + O, kop, varied

OD + BrO— Br + DO, koa Varied

OD + DO, — DO + O, 3.8x 101t this work
DO, + BrO— DOBr + O, 1.6x 10712 18

DO, + Br — DBr + O, 3.1x 1013 24

DO, + NO— OD + NOy° 8.1x 1012 1

DO, + O3 — OD + 20,0 2.0x 1015 1

BrO + NO— Br + NO, 21x 1011 1

BrO + BrO— Br + Br + O, 2.7x 10712 1

BrO + BrO— Br, + O, 0.5x 10712 1

Br+ Os— BrO + O, 1.2x 10712 1

OD + Oz — DO, + O 6.8x 1014 1

OD + DBr — Br + DO 6.5x 10712 25

OD+ OD— 0O+ DO 4.4%x 10713 9

O+ 0OD—D+ O 3.3x 1011 1

O+ DO,— 0D+ O 59x 101t 1

O+ BrO—Br+ 0, 4.1x 10711 1

O+ NO; — NO + O, 9.7 x 10712 1

D+ 03— 0D+ OF 2.9x 1011 1

D + NO,— OD + NO 1.2x 10710 9
NO+03_’N02+ 02 1.8 x 10_14 1

BrO + wall — loss 3st this work
OD + wall — loss 5st this work
DO, + wall — loss 5s? this work

aFor bimolecular reactions, the units aremolecule® s%; all
rate constants are @t= 298 K. ® For these reactions, the rate constants
of the analogous reactions of OH and p®@ere used.

7.1 x 1018, and [NQ] = 0.4-1.5 x 10" molecules cm3. The
mean value okza = (3.8 £ 0.8) x 107! cm?® molecule! s72
obtained from six experiments is in excellent agreement with
that obtained above more directlye = (3.7 & 0.9) x 10711
cm® molecule® s,

The analysis of the kinetic runs of DBr shows that-@D%
of DBr formed was due to reaction 2b and that the remaining
part resulted from the DO+ Br reaction

DO, + Br— DBr + O, (35)

kss = 4.9 x 10 *exp(—310/T) cm®*molecule™ s * [24]

with kss = (3.14 0.6) x 10713 atT = 298 K. Another reaction
which could influence the observed kinetics of DBr was reaction
36

OD + DBr— Br + D,0 (36)

ks = 5.3 x 10 *exp(225T) cm’ moleculeé ™ s [25]

with ks = (6.5 + 1.8) x 10712 ¢cm3 molecule! s71. The
sensitivity analysis has shown that the variationkgfin the
limits of the quoted uncertainty led to changeskig within
+15%. Variation ofkse by a factor of 2 led to the modification
of the fitted value okyp from —10% to+30%. It is important

to note that the results obtained fef, are much less sensitive
to the rate constant of the reaction GEDBTr (i.e., less sensitive
to the absolute level of DBr concentrations) than thosekfpr

to the rate constant of the reaction GHHBr in the study of
OH + BrO reaction. This is due to (i) much lower concentrations
of DBr than HBr being detected (lower DBr background) and
(ii) the rate constant of the OB DBr reaction being lower by

a factor 1.7 than that of the analogous GHHBr reaction.
Finally, taking into account the results of the sensitivity analysis
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Figure 9. Example of experimental (points) and simulated (lines)
kinetics for the species detected in the chemical system used for the
study of the reaction OB- BrO — DBr + O, (2b): t = 0 corresponds

to the first observation point at the top of the reaction zone (see text
for Figure 9,b).

TABLE 7. Measurements of the Rate Constant for the
Reaction OD + BrO — DBr + O, (2b): Experimental
Conditions and Results

no [OD] [BrO]2 Koo/ 107110 Kon/10713P
1 3.6 10.6 3.1H0.7 3.1+ 0.8
2 6.8 4.1 3.8£0.6 3.5+0.3
3 6.9 31 3.90.2 3.8£0.2
4 8.3 4.4 3.9£0.7 3.0£0.3
5 8.7 2.3 3.6£0.2 4.1+ 0.2
6 9.5 35 44 0.6 4.6+ 0.3

aConcentrations are in ¥dmolecules cm?, and the concentrations
represent those measured at the top of the reaction zone (first
observation point)? Rate constants are in émolecule’ s, and the
uncertainties are 95% confidence limits on the fitting procedure.

concentrations of DBr, we recommend the following value
of kopat T = 298 K from this study (rather than an upper limit)

ko, = (3.7+ 1.8) x 10 *cm’molecule* s™*

(where uncertainty represent 95% confidence limits and includes

as well as the accuracy of the measurements of the low estimated systematic errors). This corresponds to the following
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value of the branching ratio for DBr-forming channel of reaction
2

Ky/k, = (1.0+ 0.5) x 102

3. Reaction OD+ DO, — D,O + O,. This reaction has
been investigated as a part of the GDBrO reaction study.
Kinetic information on reaction 3 was needed for the simulation
of the experimental data in the mechanistic study of reaction 2,
as this reaction has a direct impact on the kinetics of the two
key species involved in DBr formation and consumption (OD
and DQ).

Reaction of F atoms with excess@y/D,0 mixture (30%
D,0, in D,O) was used to form D®and OD radicals

k3 1)

0 | | .
0 2 4 6

F+ D,0,— DO, + DF (22) [OD] (1012 molecule cm-3)

. Figure 10. Reaction OD+ DO, — products (3): pseudo-first-order
F+ D,0— OD + DF (8) plot of DO, consumption in reaction with excess OD radicals.

Other active species which could be produced in these sources . . - .
of the radicals were O and D atoms, resulting from the secondary(Where uncertainty represent 95% confidence limits and includes
' estimated systematic errors).

reactions The presence of D, in the reactor could lead to the
F+0OD—O+DF (37) regeneration of D@radicals in reaction 39
OD+ OD— 0+ D,0 (11) oD + D,0,— DO, + D,0 (39)

kso = (6.0+ 1.0) x 10 cm’moleculé*s ' atT =

O+ 0D—D+0, (38) 298 K [34].

To avoid any complication which could arise from the secondary However, under the experimental conditions usecbQip ~
chemistry initiated by O and D atoms, we added Ni@o the 1.0 x 10*? and [DQy]o = (0.5-1.0) x 10 molecules cmd),
reactor ((NQ] = 0.5-1.0 x 10 molecules cmq), which led the ratioksg[D,0,]/ks[DO;] was always< 1; i.e., the rate of

to scavenging of the O and D atoms through reactions 27 andDO, consumption by OD was always much higher than the rate
7, respectively. Thus, the reactive species entering the reactorof its formation in reaction of OD with BD,. Thus, the possible
from the source of the radicals were OD, p®IO, NO,, and impact of this DQ regeneration on the results of the measure-
D.0.. All these species were detected and quantified by massments ofks can be neglected considering the uncertainty given
spectrometry. Under the experimental conditions used, an excessor ks.

of OD over DQ was always observed, and the rate constant of  The value ofks can be compared with that for the analogous
reaction 3 was determined from the kinetics of D&@nsump- reaction between OH and HQ@adicals: k33 = (1.1 + 0.3) x
tion. The observed decays of D@ere due to the following 10719 cm® moleculel s7t at T = 298 K1 The isotopic effect is
processes: reaction 3 with OD, reaction 23 with NO, and ksy/ks ~ 2.9. It is interesting to compare the observed kinetic
heterogeneous loss of D@dicals k). Therefore, the pseudo-  isotope effect with that known for the reactions @HOH, OH
first-order rate constant determined from the exponential fit to + H,0, and HQ + HO,

the experimental kinetics of DOconsumption was' measured

= kj[OD] + kog[NO] + ky. The values ofks measureqWere OH+OH—H,0+ 0O (10)
corrected for the axial and radial diffusion of RO he diffusion

coefficient of DQ in He was calculated from that of,h He 2° OD+OD—D,0+0 (11)
The corrections were less than 7%. The contribution of reaction

23, kog]NQ], could be easily extracted (the concentration of NO OH + H,0, — HO, + H,0 (21)
in the reactor was measured, and ke, the value of the rate

constant for the analogous H@ NO reaction was used: 8.1 OD + D,0O, — products (39)
x 10713 cm® molecule! s711). The maximum correction on

ks'measureddue to this contribution was 12%. The results thus HO, + HO, — H,0, + O, (40)
obtained forks’ = k3[OD] + ky, are presented in Figure 10.

The variation of the initial concentration of OD radicals was DO, + DO, — D,0, + O, (41)

achieved by variation of the concentrations ofd¥D,O and

F atoms. A consumption (up to 50% in a few kinetic runs) of The isotopic effects determined for these reactighg/ky; =
the excess reactant, OD radicals, was observed. Concentration8.2 [9], koi/kse = 3.3 [34], andksg/ks; = 2.8 [35] and 3.3 [361
of OD shown in Figure 10 are the mean values of [OD] along are similar to that observed in the present stullyirks ~ 2.9.
the reaction zone. Linear fit to the experimental data presented

in Figure 10 provides the following value of the rate constant Discussion

for OD + DO, reaction afl = 298 K: Reaction 1 between OH and BrO has been investigated in

113 11 only one previous study by Bogan et8alhese experiments
k;=(3.8+£0.9) x 10 " cm”molecule s were also carried out in a discharge flow system with beam-
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sampling mass spectrometry. The rate constant for reaction 1calculations and (ii) the value of the branching ratio for HBr
was obtained from the numerical simulation of the observed formation (1%), which is the low limit of the range proposed
temporal profiles of BrO. The value found f& was (7.5+ by the models (£3%). Finally, it is difficult to make definitive
4.2) x 107 cm® molecule st atT = 300 K and 1 Torr total conclusion from this work if the additional HBr source from
pressure. This value is higher than that measured in the presenthe OH+ BrO reaction, although significant, will be sufficient
study by a factor of 2, although the two values overlap to explain the difference between current modeled and observed
considering the relatively high uncertainty range given in ref stratospheric HBr concentrations, since the uncertainties on the
8. The reaction between OD and BrO radicals has been kinetic data obtained here and the existing numerical simulations
investigated for the first time in the present study. Similar data overlap.

were obtained for the rate constants of reactions 1 and 3. A

negligible isotopic effect could be expected for the studied Acknowledgment. This study is a part of the project funded
reactions, since the OH(OD) bond is not involved in the by the European Commission within theEnvironment and
chemical transformation. Climate> Program (Contract ENV - CT97 - 0576, “COBRA").

To our knowledge, no experimental mechanistic study of the
OH + BrO reaction has been carried out previously. However,
this reaction has been the subject of a recent theoretical study (1) De More, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
of Sumathi and Peyerimho#f. HOOBr was found to be the  Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
most stable isomer (33.8 keal mélbelow the reactants) of . CreRiea ietes 2 Floiociemion b o e p Sucospier
the adducts which can be formed from the OH and BrO 1997.

association. It was also shown that the barrier for the HBr (2) Hills, A. J.; Howard, C. JJ. Chem. Phys1984 81, 4458.
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