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Abstract

The kinetics of the reactions of OH and OD radicals with HBr and DBr, OH + HBr (1), OD + HBr (3), OH + DBr (4) and OD + DBr (5),
have been studied by the mass spectrometric discharge-flow method at temperatures between 230 and 360 K and at total pressure of 1 To
helium. The following Arrhenius expressions were obtairgdy ks = (5.3+ 1.2) x 10-12 exp{(225+ 60)/T} andks & ks = (4.34 1.2) x
10~ exp{ (1254 80)/T} cm® s~ per molecule. The isotope exchange reactions OD +HBDH + DBr (3) and OH + DBr— OD + HBr
(4) were found to be slow and the upper limits for the rate constants of these channels were med&u2@Baf: ky < 1 x 1013 and
ky <3 x 107 cm?s~! per molecule. These results are compared with the literature experimental and computational data. ©1999 Elsevie
Science S.A. All rights reserved.
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1. Introduction to the study of the reaction between OH and BrO, which is
currently being carried out in this laboratory:
The reaction of OH with HBr is known to be of importance

in stratospheric ozone chemistry as influencing the bromine OH + BrO — HO2 + Br (2a)
partitioning between its active forms and reservoirs e.g. [1]: OH + BrO — HBr + O, (2b)
OH + HBr — Br + H,O (1) The potential occurrence of channel (2b) is of great im-

o . ) ) . . portance for the stratospheric bromine partitioning [13,14].
The kinetics of this reaction has been previously investi- ence the experimental determination of the branching ra-

gated at room temperature [2-7] and as a function of tem-, tor channel (2b) is required. From the unique study of
perature in the rangeb=(249-416) K [8], (23-295)K [9]  (eaction (2) [15], and considering that the branching ratio

and (76-242) K [10]. The rate constant of reaction (1) has ot channel (2b) is likely to be as low as a few percents, it

been found to be pressure independent e.g. [8-10], consisyphears that one cannot neglect the side and secondary pro-

tent with a bimolecular mechanism. At present, the valu_e cesses involved in the reactive system used to produce OH
of the rate constant at room temperature Claln be Cfns'd'and BrO radicals. Thus, accurate kinetic data for all these
ered as well establishedq =(1.1+0.2)x 10 ' cm®s™ reactions are needed. In this aim, the kinetic parameters for
per molecule [11,12]. However, the value lof at strato- ¢ yeactions of OH and OD with B16] and for the dis-
spheric temperatures remains somewhat uncertain. Recenfqnortionation reactions of OH and OD radicals [17] have
compilations of kinetic data for atmospheric chemistry give 5iready heen reported recently. Accurate kinetic information
different (although close) recommendations for the tempera- o, reaction (1) between OH and the possible minor prod-
ture dependence &i: k; = (1.1+ 022? 10 (tgg]peratulre uct HBr is also needed. Isotopic substitution is known to be
independent) [11] ankh =1.1x 10-* (T/298) *®cm®s™ adapted from kinetic studies, especially for the determina-
per molecule over the temperature range 200-400K [12]. {jon of reaction products yields. Hence, in order to provide

_ Inthe present study, the kinetics of reaction (1) has been, ¢omplete dataset for all the isotopic variants of reaction
investigated in the temperature range between 230 andyy the following reactions have been also investigated:
360 K. The main motivation for this work was its relation
o OD + HBr — Br + HOD 3)

* Corresponding author. Tel.: +33-2-38255474; fax: +33-2-38257905
E-mail addressbedjanian@cnrs-orleans.fr (Y. Bedjanian) OH + DBr — Br + HOD (4)
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Fig. 1. Diagram of the apparatus used.
OD + DBr — Br + D,0O (5) OH + Bry — Br + HOBr (8)

Besides, kinetic data for these reactions have a fundamentaks = (1.840.3)x 10~ exp{(235+50)T} cm®s™t  per
interest, because these relatively simple chemical systemsmolecule [16]kg=(1.98+0.51)x 10! exp{(238+ 70)/T}
are appropriate for theoretical calculations, thus, for test- s~ per molecule [21]
ing different theories of reaction rates. The OH + HBr reac-
tion has already been a subject of theoretical calculationsor)jL Brz — Br+ DOBr )
[18-20], which will be discussed from the comparison with kg=(1.940.2)x 10~ exp{(220+ 25)/T} cm®s ! per
the present experimental data. molecule [16].
This method for OH and OD detection was preferred to
the direct detection of these radicalsnale=17 (OH") and
2. Experimental m/e=18 (OD"), respectively, due to significant contribu-
tions of traces of water vapor at these peaks. The same proce-
Experiments were carried out in a discharge flow reactor dure of OH (OD) chemical conversion to HOBr (DOBr) was
using a modulated molecular beam mass spectrometer as thgsed for the measurements of the absolute concentrations:
detection method. The main reactor, shown in Fig. 1 along [OH]=[HOBr] = A[Br] (or [OD]=[DOBr]= A[Br2]).
with the movable injector for the reactants, consisted of a Thus, OH (OD) concentrations were determined from the
Pyrex tube (45cm length and 2.4 cm i.d.) with a jacket for consumed fraction of [Bi. [Br;] was determined from the
the thermostated liquid circulation (water or ethanol). The measured flow rate of known BHe mixtures. The possible
walls of the reactor as well as of the injector were coated influence of secondary chemistry on this detection method
with halocarbon wax in order to minimize the heterogeneous of HOBr (DOBr) detection and their absolute calibra-
loss of active species. All experiments were conducted attion procedure was discussed in details in previous papers
1 Torr total pressure, helium being used as the carrier gas. [16,17]. In a few experiments, OH and OD were directly
The fast reaction of hydrogen atoms with N@as used detected at their parent peaksd¢=17 and 18, respectively)
as the source of OH radicals, H atoms being produced in awith extraction of the contribution of #D. This procedure

microwave discharge of #iHe mixture: was shown to give the same concentrations (within 5%) for
OH and OD radicals as their titration by Br
H + NO, — OH+ NO (6) The absolute calibration of HBr (detected at its parent

peaksm/e=80/82) was made from the flow rate measure-
ments of known HBr/He mixtures. This method to measure
the absolute concentrations of HBr has to be applied with
special care. It is known that HBr can decompose during
D + NO, — OD + NO @) its storage giving K and Bp, which can act as unknown
diluent of the HBr e.g. [22,23]. In the present study, HBr
k7 =(1.20£0.25)x 10~ cm3s~! per molecule T=230—  (Aldrich, stated purity >99.8%) was purified by distillation
365K) [17] before use. HBr/He mixtures were stored in a glass flask
NO, was always used in excess over H and/or D atoms. which was previously passivated with HBr. It was verified
Generally, OH and OD radicals were detected as HOBr by mass spectrometry (detection of the possible decomposi-
(m/e=96/98) and DOBI (mVe=97/99), respectively, after  tion product Bp and invariance of the HBr calibration from
scavenging by an excess ofBadded at the end of the re- day to day) that no significant decomposition of HBr was
actor through inlet 4, located 5 cm upstream of the sampling occurred during its storage for a few weeks. The decom-
cone) via reactions (8) and (9), respectively: position product, Br, was measured to be less than 0.1%

ke =4.0x 10~ exp(=340M) cm®s~1 per molecule [11]
Similarly, the reaction of D atoms with NOwas used to
produce OD radicals:
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of HBr. In order to verify, the reliability of these measure-
ments of the HBr absolute concentrations, another method
was used. It consisted of the chemical conversion of H atom
to HBr by excess Bx:

H + Brp — Br + HBr (10)

ki0=6.7x 10" 19exp(~673/T) cm®s 1 per molecule [24]

In this case, the concentration of HBr formed was deter-
mined from the fraction of Br consumed. The results ob-
tained by these two calibration methods were always in good
agreement (within less than 10%).

Deuterium bromide, DBr, used in the present study, was
in solution with O, so that the DBr concentration in the
reactor could not be determined from its flow rate. In all ex-
periments, the same sensitivity was considered for HBr and
DBr (m'e=81/83). This was verified experimentally. Using
the chemical conversion of H and D atoms to HBr and DBr
via reactions (10) and (11), respectively, the intensity of both
HBr and DBr signals could be related to the concentration
of Bry:

D + Br, — Br + DBr (11)

k1=6.0x 10 10exp(=709/T) cn? s~1 per molecule [24]

In a second series of experiments, HBr and DBr were
titrated by excess H atoms in reactions (12) and (13),
respectively:

H + HBr — Br+H, (12)
ki2=2.5x 101 exp(-400/T) cm3 s~ per molecule [25]
H + DBr — Br + DH (13)

kiz=4.1x 10" exp(-650/T) cm® s~ per molecule [25]

In this case, the intensities of HBr and DBr signals could
be related to the concentration of Br atoms formed in reac-
tions (12) and (13). Fig. 2 shows an example of such a de-
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Fig. 2. Relative calibration of HBr and DBr signals: dependence of the
concentration of Br atoms formed in reactions (12) and (13) versus
concentrations of the consumed HBr and DBr (see text).

HBr is known to be a very sticky molecule, which could
lead to heterogeneous complications in the study of HBr re-
actions under flow conditions, particularly at low tempera-
tures. The first observation in the present study was that the
kinetic measurements were not reliable at temperatures be-
low 0°C. It was observed that the HBr addition in the reac-
tor at low temperatures modified the reactor surface, giving
irreproducible OH (OD) kinetics. Evidence for the hetero-
geneous reaction of OH with adsorbed HBr was found. On
the contrary, in the study of the reaction of OH and OD
with DBr, no heterogeneous complications were observed.
The only difference between the chemical systems used in
experiments with HBr and DBr was the presence ofoD

pendence of [Br] produced on the consumed concentrationsin the latter case. This suggested that the addition of water

of HBr and DBr. It can be seen that the ratio of concentra-
tion to signal intensity is the same for HBr and DBr.

The purities of the gases used were as follows:
He>99.9995% (Alphagaz), was passed through liquid
nitrogen traps; KH>99.998% (Alphagaz); p>99.7% (Al-
phagaz); Bs>99.99% (Aldrich); NQ>99% (Alphagaz);
HBr>99.8% (Praxair); DBr, 47wt.% solution in JO
(>99% atom D, Aldrich).

3. Results
3.1. Reactions OH+HBr (1) and OD + HBr (3)

Two types of experiments were carried out to measure
the rate constants of the OH + HBr and OD + HBr reactions,
either by monitoring the OH (OD) decay kinetics with an
excess of HBr over OH (OD) or by monitoring the HBr
decay kinetics with an excess of OH (OD) radicals.

in the reactor could be used in the case of the HBr reaction
with OH and OD to minimize the wall effects due to the
adsorption of HBr. This was verified, since reproducible ki-
netics were obtained for both reactants, OH (OD) and HBtr,
when HO was added into the reactor. Consequently, the
low temperature measurementskafand ks (see Tables 1
and 2) were carried out in the presence of water.

In a first series of experiments, the rate constantand
ks were derived from the kinetics of OH and OD decay in
excess of HBr, respectively. The configuration used for the
introduction of the reactants into the reactor is shown in
Fig. 1. H (D) atoms, formed in a microwave discharge (inlet
2), were introduced into the reactor through the outer tube
of the movable injector. N@was passed through the fixed
inlet 3 and the second reactant (HBr) was injected through
inlet 1. HLO (when added) was flowed into the reactor to-
gether with HBr. The concentration of;@ was generally
in the range (5-10x 103cm? per molecule. It was deter-
mined using titration reaction F+J® with an excess of
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Table 1
Reaction OH +HBFr Br+H;0 (1): experimental conditions and results i
Niexg® T (K) ([OH]o/109)° ([HBr]o/103)P K¢ +H,0d
8 360 0.5-1.0 0.34.1 0.970.14 — 100 —
9 328 0.5-1.0 0.2-4.5 1.650.12 — C
9 298 0.5-0.7 0.2-3.0 1.1M0.12 — ™ r
7 278 3.4-28.7 ~0.1 1.20+0.13 — = L
9 260 0.9-1.5 0.2-3.9 1.120.13 + a:; L
8 243 0.7-1.5 0.2-4.5 1.200.14 + = N
7 230 0.7-1.5 0.2-4.0 1.460.17 + g
aNumber of kinetic runs. a i
b Concentrations are in molecule chunits. S [HBr] (1013 molecule cm3):

¢Rate constants are in 18 cm®s~! per molecule units; the error

- ]
representsd + 10%; all the results were obtained from OH decay kinetics 10 C I 03
in excess of HBr, except at=278 K, where excess of OH over HBr was C ®
used. B 2
d Experiments with HO added into the reactor (+) and without® L * 34
addition ) (see text). | | | 1 ) | ) | |
Table 2 0 4 8 {(ms) 12 16 20

Reaction OD +HBk Br+HOD (3): experimental conditions and results

Nexp? T (K) ([OD]o/10'3)° ([HBr]o/1013)° ki€ +H,0d Fig. 3. Reaction OD +HB¥> Br+HOD (3): example of experimental OD
decay kinetics monitored in excess of HBriat 243 K.

9 360 0.4-0.9 0.2-3.6 1.@0.1F -

8 328 0.5-1.2 0.4-4.5 1.290.12 -

9 298  0.4-0.6 0.2-2.8 1.200.14 600

7 297 3.8-20.3 ~0.1 1.11+017 —

8 278 0.5-1.0 0.2-3.4 1.200.17 +

7 278 2.9-16.2 ~0.1 1.22+0.13 —

7 260 2.7-16.6 ~0.1 1.24£0.16 -

8 260 0.5-1.0 0.3-3.5 1.180.15% +

8 243 0.7-1.4 0.3-3.4 1.400.16 + 400

7 230 0.6-1.2 0.2-3.2 1.580.2°° +

@Number of kinetic runs.

b Concentrations are in molecule cfhunits.

¢Rate constants are in 18 cm®s! per molecule units; the error
1o +10%.

d Experiments with HO added into the reactor (+) and withoup® 200
addition () (see text).

€ Results from OD decay kinetics (in excess of HBr).

f Results from HBr decay kinetics (in excess of OD).

K3 (s

H20 ([Flo= A[H20Q]). The linear flow velocity in the reactor

was in the range (1100-1600) cm's Br; in concentrations 0
(5-10)x 103 cm?® per molecule was added at the down-
stream end of the reactor (inlet 4) for the indirect detection
of OH and OD as HOBr and DOBt, respectively (see previ-
ous section). The kinetics of both reactants, OH (OD) and
HBr, were monitored. It was observed, that under the present

experimental conditions (summarized in Tables 1 and 2),
the HBr concentration did not change significantly along d€cay rate of OH (OD) was due to the OH (OD) heteroge-

the reactor, although in a few kinetic runs (at the lowest N€0US 10ss, to the reactions of OH (OD) with bithe N023
[HBr]o), the HBr consumption could reaghl0%. In these ~ concentration in the reactor was in the range (28!

cases, the mean concentration of HBr along the reactor Wagr?olecule _(:m3)_ and, to, a less extent, to the OH (OD)
used in the calculations. Examples of the exponential decayiSProportionation reactions (16) and (17):

kinetics of OD in reaction (3) are shown in Fig. 3. Fig. 4
shows pseudo-first order rate const&ht= ks[HBr] + ky, as

a function of the HBr concentratioky represents the rate ;=2 5x 1030 (T/300) 44 cmPs~1 per square molecule
of OH (OD) decay in the absence of HBr in the reactor and (for M=Nj) [11]

it was measured in separate experiments to be in the range

(5-25)s! increasing with decreasing temperature. This OD+ NO, (+M) — DNOz (+M)

[HBr] (1013 molecule cm™3)

Fig. 4. Reaction OD + HB#> Br+HOD (3): example of pseudo-first order
plots obtained from OD decay kinetics in excess of HBr.

OH + NO; (+M) — HNO3 (+M) (14)

(15)
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kis=1.27x 10~3%cmP s1 per square moleculérE 298K,
M = He) [26]

OH + OH — O+ H,0 (16)

kig=7.1x 1013 exp(2101) cm® s~ per molecule [17]

OD + OD — O+ D0 (17)

ki7=2.5x 108 exp(1701) cm® s~ per molecule [17]

The value ofk14 is recommended for M=N[11], it can
be lower by a factor 2 to 3 with He as a third body [27]. By
comparison, the rate constant of the reaction of OD with NO
is: kis=4.05x 10730 and 1.27x 103%cmf s~1 per square
molecule for M=N and He, respectively [24]. Finally, it

can be noted that the zero intercepts of the pseudo-first

order plots (Fig. 4) were always in good agreement with
the values ok, measured directly. All the measured val-
ues ofk; andk; were corrected for axial and radial diffu-
sion [28] of OH and OD. The diffusion coefficients for OH
and OD in He were calculated from that for oxygen atoms
Do—te=0.9x (T/273}-8 cn? s~1 (at 1 atm) [29]. The max-
imum correction was 20%. All the results obtained kar
andks are summarized in Tables 1 and 2, respectively.
The measurements ok; showed no dependence
upon the concentration of NO ([NO,]=(1-5)x 103
molecule cnt®) and HO, which was varied in the range
(0.1-1.0)x 10" molecule cm? (always in excess over
HBr). In the case of reaction (3), the initial concentra-
tion of OD radicals was changed between 2.50' and
4.2 x 10'2 molecule cn3. kg was found to be insensitive
to this variation. As noted in [8], HBr can be complexed
with H>0, leading to the formation of a species, which

19
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Fig. 5. Reaction OD + HB# Br+HOD (3): example of pseudo-first order
plots obtained from HBr decay kinetics in excess of OD radicals.

ues fork; andkz within +5%. The ranges of the concentra-
tions of OH and OD and of the initial concentrations of HBr
are given in Tables 1 and 2. Fig. 5 shows typical pseudo-first
order plots of HBr decay in reaction (3) with an excess of
OD. All the measured values &f, andk’s were corrected for
axial and radial diffusion of HBr. The diffusion coefficient
Dnpr—te Was calculated from [d—e [30]. The maximum
correction was around 10%. The final results obtained for
k1 andks in this series of experiments are given in Tables 1
and 2, respectively. These results are in good agreement with

could react with OH. It seems that it was not the case in the those measured in the previous series of experiments, where

present study. First, no signal was detectedvat=98/100
(H2O-HBr"). However, this could be expected even in the

OH and OD kinetics were monitored in excess of HBr.
Since relatively high concentrations of OH and OD were

presence of this complex since it would have been dis- ysed in these experiments, leading to O atom formation in

sociated by electron impact at the energy use@5eV).
Secondly, OH (OD) kinetics were independent of thgoH
concentration, which was widely changed (see above). Fi
nally, the fact that the results obtained far and ks from
the monitoring of HBr kinetics in excess of OH or OD (as

shown below) were the same as those from the radicals con
sumption kinetics in excess of HBr, seems to show that the

effect of an HBr—HO complex formation was negligible
under the present experimental conditions.

In the second series of experiments, the rate constants o

reactions (1) and (3) were derived from the kinetics of HBr
consumption monitored in excess of OH or OD radicals.

The configuration used for the introduction of the reactants O + OH — H + O,

the disproportionation reactions of OH (16) and OD (17), the
contribution of O +HBr reaction to measured HBr decays

- should be estimated:

O+ HBr — OH + Br (18)

18=5.8x 10 12exp(-1500/T) cn¥ s~ per molecule [11].
Taking into account the relatively low value &fg and
that oxygen atoms are consumed in reactions (19) with OH
f':md (20) with NQ@, the contribution of reaction (18) to the
HBr decay can be considered as negligible compared to
reaction (1):

(19)

was the same as above. OH and OD kinetics were monitored

simultaneously with the HBr decay kinetics. Consumption
of OH (OD) radicals from 20 to 40% was observed. In the
calculation of the rate constants, [OH] and [OD] were kept
constant (with a mean value along the HBr decay kinetics)
A numerical simulation of the HBr decay kinetics, using the
observed [OH] ([OD]) temporal profiles, gave the same val-

ki19=2.2x 10~ exp(1201) cm® s~ per molecule [11]

O+ NOp — NO + O, (20)

. kop=6.5x 1012 exp(120T) cm®s~1 per molecule [11].
The same conclusion was drawn for the OD +HBr re-
action, since the OD+OD reaction, producing O atoms,
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5 The configuration used for the introduction of the reactants
was the same as shown above for the HBr reaction with OH
- and OD. DBr was introduced into the reactor by flowing he-
lium through a reservoir containing a liquid DB#D mix-
ture. The initial concentrations of OH and OD radicals were
in the range (0.4-1.0) 10'2 molecule cnm3. The ranges of
HBr concentrations used in these series of experiments are
shown in Tables 3 and 4. The linear flow velocity in the re-
actor was (1300-1550) cms. The concentration of D
in the reactor was measured to be a few times that of DBr.
L The kinetics of both OH (OD) and DBr were monitored. It
OH + HB (ky) was observed that DBr consumption was negligible under
OD + HBr (kg) the experimental conditions used (Tables 3 and 4). The pro-
cedure employed for the treatment of the experimental data
was similar to that for HBr reactions (1) and (3). Pseudo-first
order rate constants were derived from the exponential de-
30 35 40 45 cay kinetics of the radicals and were plotted as a function of
1000/ (K1) the concentration of the excess reactant DBr. The values of
the rate constants, andks were determined from the slopes
Fig. 6. Temperature dependence of the rate constants of HBr reactionsof these pseudo-first order plots. Final results obtained in
with OH and OD. this way forks andks are shown in Tables 3 and 4 and in
) Fig. 7. Again, within the experimental uncertainty, the same
has a rate constant around 3.5 times lower than that of the,5),es of the rate constants were found for the DBr+ OH
OH + OH reaction [17]. and DBr + OD reactions. The line in Fig. 7 represents an ex-
It was also concluded that the possible contribution of the ponential fit to all the data obtained fky andks, yielding
heterogeneous reaction of OH (OD) with HBr was negligi- the following Arrhenius expression:

ble under the present experimental conditions. This was sup- ks~ ks=(4.3+1.2)x 10-12 exp{(125+ 80)/T} cmis 1
ported by the good agreement between the results obtainecber molecule
under different conditions: in excess of HBr over OH (OD) N evidence for heterogeneous complications (even at the
and in excess of the radicals over HBr. Moreover, an excel- |qyest temperatures of the study) was observed in this series
lent agreement can be noted between the results obtaineg)s experiments. The OH (OD) kinetics were always repro-
for k; at low temperatures in the present study and in that gciple, the concentration of DBr being changed in a ran-
of Ravishankara et al. [8] (see Section 4), where the laser yom order from one kinetics to another. The rates of the OH
flash photolysis—reson_ange fluorescence technique (free Of(OD) decays measured in the absence of DBr in the reactor,
heterogeneous complication) was employed. prior to and just after the experiments on OH (OD) + DBr
All the kinetic results obtained in this work by the two  reactions were always in good agreement. Besides, the val-
methods are also presented in Fig. 6, which shows the tem-;es of the zero intercepts of the pseudo-first order plots were

perature dependence of bdthandks. As can be seen from  giways consistent with the OH (OD) loss rate measured sep-
Tables 1 and 2 and from Fig. 6, the values measureéifor  grately in the absence of DBr.

andks are indistinguishable within the experimental uncer-
tainty. That is why all the experimental data fkar and k3 3.3. Isotope exchange reaction OD + HBr OH + DBr
were fitted together and finally the same Arrhenius expres- (3) and OH + DBr— OD + HBr (&)
sion is given for both rate constants:

ki ~ k3 =(5.341.2) x 1012 exp{ (2254 60)/T} cm3s~1

N
T

o
(3}
T

kq, k3 (10"|1 cm3molecule‘1s‘1)

0e

In the previous sections, only one reactive channel form-

pe_:_rr]nolecule(.j . dard devi ing HOD and Br atoms is considered for both reactions (3)
_'he quoted uncertainties represent two standard devia-,,q (4). Another possible channel is the H/D atom exchange
tions. oy
reaction:
3.2. Reactions OH +DBr (4) and OD + DBr (5) OD + HBr — OH + DBr (3)
OH + DBr — OD + HBr 4)

The rate constants of the DBr reactions with OH and OD

radicals were measured under pseudo-first order conditions,n order to estimate the branching ratio for channels48d
using an excess of DBr over the radicals: (4), additional experiments were performed, consisting of
chemical titration of relatively high concentrations of OD
OH + DBr Br + HOD . .
+ Bt and OH by an excess of HBr and DBr, respectively, with
OD + DBr — Br + D>O subsequent detection of DBr and HBr possibly formed in
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Table 3
Reaction OH +DBr> Br+HOD (4): experimental conditions and results
N/exp? T (K) [DBr] (10*2 molecule cn3) ks® (10~ cm3 st per molecule)
10 360 0.3-6.6 0.6 0.07
8 328 0.3-6.4 0.5%0.07
11 296 0.3-5.1 0.5 0.09
7 278 0.4-6.2 0.640.08
9 260 0.5-4.9 0.68:0.08
7 230 0.2-1.6 0.740.11

a@Number of kinetic runs.
b Quoted uncertainty represents 1 10%.

Table 4

Reaction OD +DBr Br+ D20 (5): experimental conditions and results

N/exd T (K) [DBr] (1012 molecule cni3) ks® (10~ cmPs~1 per moleculé)
8 360 0.3-5.7 0.630.09
8 328 0.3-6.1 0.66:0.09
8 300 0.4-5.7 0.720.11

11 278 0.5-7.0 0.720.10

9 260 0.2-6.3 0.720.10
9 243 0.2-3.4 0.740.11
6 230 0.4-1.5 0.720.09

a@Number of kinetic runs.
b Quoted uncertainty represents 4 10%.

2.0 added into the reactor through inlet 4 instead of HBr and
DBr.
In the case of the OH reaction with DBr, it was observed
10 that for the highest OH concentration (330" molecule

cm~2) totally consumed in the reaction with DBr, the con-
centration of HBr formed was less than k3.0 molecule
cm~2. This allowed for the determination of an upper limit

llll‘

kg, kg (10‘1‘I cm3molecu|e‘1s'1)

05| for the branching ratio of HBr forming channel in reaction
L (4):
ky
" —= < 0.005
O OH+DBr(ky kq
02f O oo+oeriy One may note that the measurements of the small HBr sig-

nals in this case were complicated by the observed contri-
bution of DBr (high concentrations of DBr were used to
| | | provide a rapid complete titration of OH) to the signals at
| | |
o1 3.0 35 4.0 45 me=80 and 82. o .
1000/T (K1) In the case of the OD _react|on with HBr, a signal at
m/e=83 (which can be attributed to DBr) was observed. In
Fig. 7. Temperature dependence of the rate constants of DBr reactionsfact, this signal may have the different origins. It was not
with OH and OD. tried to quantify possible secondary sources of DBr. In or-
der to evaluate the rate of DBr formation in reactior),(3

reactions (3 and (4). The experiments were carried out at the initial concentration of OD was varied from10'? to
T=298K. As in the above experiments, OH and OD rad- 6% 103 molecule cnt3. Only a slight increase of the sig-
icals were generated through reactions of H and D atomsnal atnme=83 was observed when [OD] was changed in
with NO,, respectively. In order to obtain higher concentra- this concentration range. If this increase is total_ly attributed
tions of the radicals, the source reactions (6) and (7) took t0 the formation of DBr, it corresponds to an increase of
place directly in the reactor itself, H and D atoms being in- the DBr concentration of less than<510"* molecule cm®,
troduced through inlet 1 of the movable injector and NO ~ Thus, an upper limit for the DBr formation channef)(8an
through inlet 3. The titrating excess reactants HBr and DBr P€ derived:

were flowed into the reactor through inlet 4. In order to kj
measure the initial concentrations of OD and OH, BRras k_3

< 0.01
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Table 5 _to 23K was reported. Finally, the most recent study of the
Summary of the data for the rate constant of the reaction . 1) 110 . Ised ic fl

OH + HBr— H,0 + Br at 295298 K reactlpn ( ).[ ], using a pulsed supersonic flow reactor
combined with LIF detection of OH was used, supports
the temperature dependencekpf observed in [9], however

ki (10 cmis1 per molecule) Methdt Reference

0.51+0.09 DF/EPR Takacs and Glass [2] only below 150 K. On the contrary, a temperature indepen-
0.45+0.10 FP/UVA — Smith and Zellner [3] — dent value ok; = (1.2+0.2) x 10~ cm?s~1 per molecule
ézégig:ég EE;EE Ei\slz:agtk er_a[z]t a1 \vas recommended in [10] for the temperatures throughout
0.92+0.07 DF/EPR Jourdain et al. [5] ‘the terrestrial atmosphere’. Fig. 8 presents (aks lf(T)
1.12+0.05 FP/LIF Cannon et al. [6] as in [10]) a summary of the results f from all avail-
11401 FP/LIF+RF Ravishankara et al. [7]  able temperature dependence studies, including this one.
1.16+0.04 FPILIF Sims et al. [9] The present results obtained Bt 230-360K are in good
11202 Revue JPL-O7 (1] agreement with those from previous study [8], conducted
1.1+0.1 Revue IUPAC-97 [12] _ o N

11401 DFE/MS This work in a similar temperature range, except that a distinct, al-

aDF/EPR: discharge flow system/electron paramagnetic resonance'thOUgh .Sllght, negative temperature dependence o &b-
FP/UVA: flash photolysis/lUV absorption; FP/RF: flash photoly- ‘'served in the present StUd,y' It Can_be noted also that the
sis/resonance fluorescence; FP/LIF: flash photolysis/iaser induced fluores-data from [8] show a small increasekn at T=298-249K.
cence; DF/MS: discharge flow system/mass spectrometry. Sims et al. [9] have shown that their own results kgr(at
T=23-295K) together with those from [8] &t 298—-249 K
can be fitted with the expressidk: = (1.26+ 0.24)x 10~11
(T/298)0-86+0.10 c3 5—1 per molecule. We have repeated

\ [0  Ravishankara etal. [8] this procedure here using the data from all previous studies
10 4 A Simsetal [9] [8-10] and the present one. The solid line in Fig. 8 shows
C O Atdnson etal.[10] the resulting fit and corresponds to the expression:
C e + Thiswok _ ki =1.07x 10711 (1/298)988 cm? s~1 per molecule
L3y X Clryetal [19] (caloulaton) The dashed lines represest30% deviation from the

above expression and show that almost all the existing
data onk;(T) at T=23-370K can be represented by this
expression with the uncertainty factor 1.3 (this uncer-
tainty factor is lower at temperatures between 230 and
300K). For comparison, currently recommended values of
ki(T) are: 1.1x 10~ (1/298) 98 (200-400K) [12] and
1.1x 10~ exp{ (0= 250)/T} cm® s~ per molecule [11].
Atheoretical calculation of the OH + HBr reaction rate has
been attempted in [18], where the adiabatic capture approx-
imation has been applied to estimate the rate constant of this
0 100 200 300 400 reaction. This method only provides an upper limit for thel
T (K) rate constant and at very low temperatures. The value of this
upper limit fork; was calculated to be 3:610 19cm?s~1
Fig. 8. Reaction OH + HB#> Br+H,O (1): summary of the results from per molecule aff =20K [18], i.e. about a factor 3 higher
the temperature dependence studies of the reaction (see text). than the experimental value of [9]. In another theoretical
study [19], quantum scattering calculations with use of ro-
tating bond approximation method (RBA) have been per-
4. Discussion formed to describe the dependencekgfon temperature.
Results of these calculations are shown in Fig. 8 along with
The results obtained for the rate constant of the OH + HBr the experimental data. It is seen that the negative tempera-
reaction can be compared with those from previous studies.ture dependence df is reproduced by this model. In the
A summary of the room temperature datakgiis presented  same study, a simple explanation of the negative tempera-
in Table 5. As one can see, the valuekafmeasured in  ture dependence &f was proposed. The computed reactive
this study agrees well with those from most recent studies cross-sections were found to havd §21)~! dependence on
[6,7,9] and with the currently recommended ones [11,12]. the OH rotational quantum numbé&rThis strong rotational
The temperature dependence of the rate constant of reactioreffect was shown to be responsifite!/2 dependence of the
(1) has been studied for a first time in [8], whdtgwas rate constant [19]:
found to be independent of temperature with the average
value ofk; = (1.1940.14)x 10~ cm® s~ per molecule at
T=249-416 K. In another study [9], the monotonic increase k(T) ~ ko(T) Br 0
of the rate constant with decreasing temperature from 295 ksT

-

k1 (10°11 cm3molecule~1s-)
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where ko(T) is the rate constant for OHI€0), B is the and Fig. 6). A similar picture was observed for reactions
rotational constant of OH andlg is the Boltzman con-  (4) and (5). These observations are very similar to those
stant. Assuming that the temperature dependende (@) from [33] for reaction (21). It can be noted also, that usually

arises mainly from the electronic partition function of OH, OH and OD have the same rate coefficients for exothermic
the simple formula for the rate constant was obtained [19]: hydrogen-abstraction reactions as it was observed, for exam-
k(T)=AT Y/2[1+exp(=181M)]~! (A is a parameter). This  ple, for the reactions of OH with $#D; [34], CH3OOH [35],
simplified expression fits well the ultra-low temperatige H> [36], n-C4H10 [37] and HI [31]. The primary kinetic iso-
data [9,19], however is not operative at higher temperatures.tope effect observed for OH + HCI reactiokp/ko1.=6.2

To our knowledge, only one of the isotopic variants [32], 3.08 [33] andko1/ko14=3.4 [32], 3.06 [33] is higher
of reaction (1), the OH+DBr reaction, has been inves- than that found here for reaction (Bi/ks~ks/ks~1.7.
tigated in only one previous study [4]. The value of From another side, the KIE measured in [3ld].ako1c=2.0
ks=(2.054+0.14)x 10 *2cm®s™! per molecule was ob-  [3] andkx1ko1c=1.9 [4], are very close to the present ob-
tained afl = 300 K using the flash photolysis technique with servation for reaction (1).
resonance fluorescence for OH detection. This value is lower Extensive quasiclassical trajectory (QCT) calculations
than that measured in the present work by a factor aroundwere performed [20] in order to study the dynamics of the
3. Thek4 value of [4] may be considered as underestimated OH and OD reactions with HBr on an empirical potential
since the value ok =(6.01+£0.32)x 107 2cm®s™! per energy surface (PES). The values of the rate conskanks
molecule, measured in that study was also lower (by a fac- andks calculated by this method as well as those using vari-
tor of 2) than the values currently recommended and mea-ational transition state theory (VTST) were compared with
sured in the present work. The kinetic isotope effect (KIE) the available experimental data. The experimental value of
(k1/kq~ 2.9 atT=300K) observed in [4] also differs from ks used in [20] for comparison with the calculations was
that measured heres(L.7 at room temperature). The origin  estimated by analogy with the reaction OD +HCI [32], and
of the discrepancy between the two valuekpf{from this ks was calculated from knowky [11] and ki/kq =2.93 re-
work and [4]) as well as between different measurements ported in [4]. The present direct measurements of the rate
of k; (Table 5), is very likely linked to the procedure for constants for all isotope analogs of the reaction (1) provide
the determination of the HBr absolute concentrations in the an experimental base for comparison with theory. Table 6,
different studies, as previously suggested [7]. summarizing the results of the calculations, is reproduced

As shown above, the rate constants for the reactionsfrom [20], except that experimental results were replaced by
(1), (3)—(5) were found to be the same within the limits those from the present work. A first feature is that the values
of the experimental uncertainty, i.e. negligible secondary
kinetic isotope effect was observed in the present study: Taple 6
ki/ks ~ ka/ks ~ 1 (within 15% experimental uncertainty). In  Experimental rate constants (this study) and calculated ones [20] for
[31], the vibrational excitation of D and HOD formed in ~ reactions (1), (3) and (4) at=300K

the reactions (1) and (3), respectively, was analyzed usingmodel Rate constant

the infrared emission technique. From the comparison of the (10~ cmPs~! per molecule)
relative HO and HOD emission intensities the rakg'ks OH + HBr (1)

was found to be 1.3 0.2. This value, although somewhat gxperimentd 1.12+0.17

higher, is consistent with the present observation within VTST (Clary potentidi) 1.04

quoted uncertainty limits. It is interesting to compare the VTST (Modified potenti) 0.54

kinetic isotope effect data for reaction (1) with those for g?:ér (g;g Eﬁiﬂﬂ?ﬁ) [19] g'z

analogous reaction of OH radicals with HCI. This reaction QCT (Modified potential) 16

and all its isotopic analogs have been studied in [32] and

more recently in [33]: OD +HBr (3)

Experimental 1.120.17
VTST (Clary potential) 1.3

OH + HCl — Cl + H20 (218) 15T (Modified potential) 0.75
OH + DBr (4)

OH + DCIl — Cl+ HOD (21c) Experimental 0.63:0.10
VTST (Clary potential) 1.22

OH + DCI — Cl + D20 (21d) VTST (Modified potential) 0.71

The secondary kinetic isotope effect observed in these stud-  acalculated from thek(T) Arrhenius expressions obtained in the
ies atT=298K was:ko14ko1p=1.55 [32], 0.93 [33] and present study with addition of the 15% conservative error.
ko1/k219g=0.85 [32], 0.93 [33]. Although in the present bClary potentialf PES formulat_e_d by Clary et al. [19], bas_ed on
t the val ndks wer nsidered t th m accurate HO potential and on transition state for OH + HCI reaction.
;lglc:éhtl)e/ h?g%eesr c\}lfgliedofl@ Ce()r?];gres dd,[ed(edwgsbibserVE; de, ¢Modified potential: PES from [19] with parameters adjusted to fit
1

: the experimentally measured,@ vibrational energy and the thermal rate
in the whole temperature range used (see Tables 1 and Zonstant [20].
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of the rate constants calculated by various computational define the role of the OH + HBr reaction at the lowest tem-
methods are close to the experimental results. However, theperatures of the stratosphere and as a testing ground for the-
comparison of the kinetic isotope effect calculated within oretical calculations of reaction rates.

the same computational method with that from experiments

seems to be more appropriate for the theory testing. As can

be seen, the variational transition state calculations give aAcknowledgements

small inverse secondary KlEg/k; =1.25-1.40), which is
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lated one. The calculated VTST rate constant for OH + DBr

reaction for both potential energy surfacesi20% larger

than for reaction (1). In [20], the ratiky/ks=2.934+0.25 References

[4] was used for comparison with the calculated results. It

was noted, that such a large ratio of the rate constants is [1] g;-o\rg/a{'glehemiS"y of the Atmosphere, Oxford University Press,
difficult to explain by the trgnsmon state theory, if transition 21 GA. Tr;lkacs, G.P. Glass, J. Phys. Chem. 77 (1973) 1060.

states are located early m_ the entrf_;ln(_:e C_hannel' because[3] .W.M. Smith, R. Zellner, J. Chem. Soc. Faraday Trans. 2 70 (1974)
the HBr and DBr frequencies are similar in the reactant 1045,

and transition state. Requirement of new experimental mea- [4] D. Husain, J.M. Plane, N.K.H. Slater, J. Chem. Soc. Faraday Trans.
surements of the primary KIE to provide constraints to the 277 (1981) 1949.

entrance channel part of PES was pointed out [20]. The [5] J.L. Jourdain, G. Le Bras, J. Combourieu, Chem. Phys. Lett. 78

. (1981) 483.
present StUdy supplles such data for a range of temperature [6] B.D. Cannon, J.S. Robertshaw, I.W.M. Smith, M.D. Williams, Chem.

(230—360)&_( z_ind,_ in_gddition, it shows that the e>_<perime_n- Phys. Lett. 105 (1984) 380.
tal ki/ks ratio is significantly lower than that considered in  [7] A.R. Ravishankara, P.H. Wine, J.R. Wells, J. Chem. Phys. 83 (1985)
[20] for comparison. 447.

The upper limits for the branching ratios of the isotope ex- [8] /Q-SR(-lg?g)iSZ?gkafav P.H. Wine, A.O. Langford, Chem. Phys. Lett.
/4 H .

Change channels 03and (4) were measured in the p_re_:sent [9] LR. Sims, LW.M. Smith, D.C. Clary, P. Bocherel, B.R. Rowe, J.
study to be:kz/ks <0.01 andksq/ks < 0.005. Combining Chem. Phys. 101 (1994) 1748.
these branching ratios with the data obtained abovédor  [10] D.B. Atkinson, V.I. Jaramillo, M.A. Smith, J. Phys. Chem. A 101
andky, one can derive the upper limits for the rate constants (1997) 3356.
of reactions (3 and (4) atT=298K: ky <1 x 10713 and [11] W.B. De More, S.P. Sander, DM Golden, R.F. Hampson, _M.J.
Ky <3 x 10—14cms S—l per molecule. These results seem Kurylo, C.J. Howard, A.R. Ravishankara, C.E. Kolb, M.J. Molina,

to b bl ially if d with k dat Chemical Kinetics and Photochemical Data for Use in Stratospheric
0 be reasonable, especially It compared wi nown data Modeling NASA, JPL, California Institute of Technology, Pasadena,

for similar reactions of hydroxyl radicals: CA, 1997.

[12] R. Atkinson, D.L. Baulch, R.A. Cox, R.F. Hampson, J.A. Kerr, M.J.
OH + DO — OD + HOD (22) Rossy, J. Troe, J. Phys. Chem. Ref. Data 26 (1997) 521.

[13] M.P. Chipperfield, D.E. Shallcross, D.J. Lary, Geophys. Res. Lett.
OD + H,0 — OH + HOD (23) 24 (1997) 3025.

[14] D.J. Chartland, L.C. McConnell, Geophys. Res. Lett. 25 (1998) 55.
OD + H202 — OH + HOOD (24) [15] D.J. Bogan, R.P. Thorn, F.L. Nesbitt, L.J. Stief, J. Phys. Chem. 100

(1996) 14838.
Reactions (22) and (23)' studied recenﬂy [38], have [16] Y. Bedjanian, G. Le Bras, G. Poulet, Int. J. Chem. Kinet. (1999), in
been shown to be slow. The values of the rate con- press.

stants measured aF=300K were: koy < 5 x 10~ and [17] \7(6187edjan|an, G. Le Bras, G. Poulet, J. Phys. Chem. A 103 (1999)

k3 =(3.04+1.0)x 10 '®cm®*s~* per molecule. Similar re-  [16] p.c. Clary, T.S. Stoeckiin, A.G. Wickham, J. Chem. Soc. Faraday
sult for reaction (23) was obtained [35], where the upper Trans. 89 (1993) 2185.
limit for ko3 was reportedkos < 2 x 10~1° (T=249K) and [19] D.C. Clary, G. Nyman, R. Hernandez, J. Chem. Phys. 101 (1994)
<2x 10 ¥cmPs~ ! per molecule T=423K). The isotope 3704.
exchange reaction (24) is also slow with an upper limit of 2% ghgza?@’é Dl'(\)’\é' (Sl‘;tgg)r'g'gé;’va”g’ G.H. Peslherbe, W.L. Hase, J.
the rate constant at 273 Kexg < 22x 10 em?st per [21] M.K. Gilles, J.B. Burkholder, A.R. Ravishankara, Int. J. Chem. Kinet.
molecule [34]. 31 (1999) 417.

In conclusion, new kinetic data have been provided by [22] J.M. Nicovich, C.A. van Dijk, K.D. Kruetter, P.H. Wine, J. Phys.
the present study. A negative temperature dependence of the  Chem. 95 (1991) 9890.
rate constant of the reaction OH + HBr, previously observed [23] PW- Seakins, M.J. Pilling, JT. Niiranen, D. Gutman, L.N.

. Krasnoperov, J. Phys. Chem. 96 (1992) 9847.

at ultra-low temperatures_, was shown_to be yalld up to 360K [24] Y. Wada, T. Takayanagi, H. Umemoto, S. Tsunashima, S. Sato, J.
and new data were obtained for the isotopic analogs of re- Chem. Phys. 94 (1991) 4896.

action (1). This kinetic information can be useful to better [25] H. Umemoto, Y. Wada, S. Tsunashima, Chem. Phys. 143 (1990) 333.



Y. Bedjanian et al./Journal of Photochemistry and Photobiology A: Chemistry 128 (1999) 15-25 25

[26] A.R. Bossard, D.L. Singleton, G. Paraskevopoulos, Int. J. Chem. [33] F. Battin-Leclerc, I.K. Kim, R.K. Talukdar, R.W. Portmann, A.R.

Kinet. 20 (1988) 609. Ravishankara, R. Steckler, D. Brown, J. Phys. Chem. 103 (1999)
[27] W.G. Mallard, F. Westley, J.T. Herron, D. Frizzell, R.F. Hampson, 3237.
NIST Chemical Kinetics Data Base, ver. 1 7-2Q98, NIST Standard [34] G.L. Vaghjiani, A.R. Ravishankara, N. Cohen, J. Phys. Chem. 93
Reference Data, Gaithersburg, MID, 1998. (1989) 7833.
[28] F. Kaufman, J. Phys. Chem. 88 (1984) 4909. [35] G.L. Vaghjiani, A.R. Ravishankara, J. Phys. Chem. 93 (1989) 1948.
[29] V.V. Zelenov, A.S. Kukui, A.F. Dodonov, Sov. J. Chem. Phys. 5 [36] R.K. Talukdar, T. Gierczak, L. Goldfarb, Y. Rudich, B.S. Madhara
(1990) 1109. Rao, A.R. Ravishankara, J. Phys. Chem. 100 (1996) 3037.

[30] T.R. Morrero, E.A. Mason, J. Phys. Chem. Ref. Data 1 (1972) 3.  [37] G. Paraskevopoulos, W.S. Nip, Can. J. Chem. 58 (1980) 2146.
[31] N.I. Butkovskaya, D.W. Setser, J. Chem. Phys. 106 (1997) 5028. [38] M.K. Dubey, R. Mohrschladt, N.M. Donahue, J.G. Anderson, J. Phys.
[32] LW.M. Smith, M.D. Williams, J. Chem. Soc. Faraday Trans. 2 82 Chem. A 101 (1997) 1494.

(1986) 1043.



