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Rate constant for the reaction SO 4+ BrO—S0, + Br
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Greenbelt, Maryland 20771

(Received 14 April 1986; accepted 29 May 1986)

The rate of the radical-radical reaction SO + BrO—SO, + Br has been determined at 298 K ina
discharge flow system near 1 Torr pressure with detection of SO and BrO via collision-free
sampling mass spectrometry. The rate constant was determined using two different methods:
measuring the decay of SO radicals in the presence of an excess of BrO and measuring the decay of
BrO radicals in excess SO. The results from the two methods are in reasonable agreement and the
simple mean of the two values gives the recommended rate constant at 298 K, k = (5.7 + 2.0)
X 10~ cm® s . This represents the first determination of this rate constant and it is consistent
with a previously derived lower limit based on SO, formation. Comparison is made with other
radical-radical reactions involving SO or BrO. The reaction SO + BrO—SO, + Br is of interest

for models of the upper atmosphere of the Earth and provides a potential coupling between

atmospheric sulfur and bromine chemistry.

INTRODUCTION

The kinetics and mechanism of the elementary reactions
of the SO radical are important not only for an understand-
ing of the reactions of free radicals but also for an under-
standing of the role of SO radicals in the atmospheric chem-
istry of the Earth and Venus and in the combustion
chemistry of sulfur compounds. In the upper atmosphere of
the Earth, SO may be oxidized to SO, via reaction with O,,
0;, OH, NO,, CIO, BrO, etc. For the atmosphere of Venus,
reactions of SO with O, HO,, ClO, and SO are of interest.
Many of these reactions are also of importance in high tem-
perature combustion processes.

We have previously reported results’ for the reactions of
SO with NO, and CIO and have now extended these studies
to the reaction

SO + BrO—SO, + Br (n

Employing the technique of discharge flow-mass spectrom-
etry, absolute rate constants for reactions, Egs. (2) and (3),
were determined by monitoring the decay of SO in an excess
of NO, and ClO, respectively:

SO + NO,—S0, + NO, (2)
SO + Cl10—-80, + ClL 3)

The rate constant for the SO + NO, reaction was deter-
mined to be k, = (1.37 4 0.10) X 10~ ! cm® s~ ! and inde-
pendent of temperature from 210 to 363 K. This result is in
good agreement with recent previous direct, absolute mea-
surements”> as well as an earlier relative measurement® all at
295 K. For the radical-radical reaction SO + ClO we found

3= (3.22 + 0.48) X 10~ " cm~3s~!, again independent of
temperature from 248 to 363 K. This is in moderate agree-
ment with the 295 K result of Clyne and MacRobert.> This
paper” also reports the only previous study of the SO + BrO
reaction. The reaction was studied at 295 K in a discharge
flow system with SO in excess; the decay of BrO and the
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formation of SO, were followed by collision-free sampling to
a mass spectrometer. Although BrO removal was observed
to occur at a rate comparable to that for SO, formation,
quantitative measurement of the decay of BrO was not possi-
ble due to low sensitivity for BrO (10! cm 3 for a signal-to-
noise ratio S/N = 1) and variation in the sensitivity, possi-
bly due to heterogeneous loss processes in the sampling
system.5 Based on limited data obtained by following the
rate of formation of SO,, a lower limit of k,>4 X 10! cm?
s~ ! was reported.

The present experiments employ essentially the same
technique as Clyne and MacRobert® but with considerably
improved stability and sensitivity (310° cm™3 for BrO
and 2X 10° cm~2 for SO at S/N = 1). Quantitative mea-
surements were made of the decay of SO under conditions of
excess BrO and also of the decay of BrO with SO in excess.
This yields two independent measures of &, at 298 K.

EXPERIMENTAL

Details of the apparatus and technique employed in ki-
netic studies of the reactions of the SO radical have been
described in a previous publication.! In summary, a Pyrex
discharge-flow system was linked via a two-stage collision-
free sampling system to a quadrupole mass spectrometer
(Extranuclear Laboratories, Inc.). Typical flow conditions
were 650 umol s~ ! of He carrier gas at 1 Torr pressure. Heli-
um carrier gas flows and reagent flows (SO,, Br,, O,, NO,
NO, all diluted in He) were measured by separate flow con-
trollers (ASM International N.V., model AFC 260).

Ground state SO radicals were generated in a micro-
wave discharge (2450 MHz) of dilute mixtures of 1% SO, in
He. The SO radicals were detected at m/e = 48 using low
electron energies (<16 eV) in order to suppress interference
from the dissociative ionization of SO,. Removal of residual
O and S atoms was accomplished using a discharge-bypass
system."? Absolute concentrations of SO were determined
using the rapid titration reaction SO 4+ NO,—S0, + NO
and measuring the decrease in [NO,] or the increase in
[SO,] upon complete removal of SO by excess NO,. At a
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signal-to-noise ratio (S/N) equal to 1, the concentration of
SO was ~2x10°cm 2.

BrO radicals were generated in the flow tube by the rap-
id reaction’:

O + Br,—BrO + Br,

ky=(144+02)%X107 " cm?®s~ 1. 4

Ground state O (*P) atoms were formed as a byproduct from
the SO, discharge or produced in a separate discharge from a
dilute O,/He mixture. The former source was used for the
experiments with SO in excess ([SO],> [O], in the SO,
discharge and therefore [SO],> [Br],) while the latter
source was used for experiments with BrO in excess. A large
excess of Br, ( ~ 10" cm™3) was added through the movable
teflon injector to the flow of O(*P) atoms in the flow tube.
This large excess ensures rapid formation of BrO (1 to 2
milliseconds) and also prevented loss of BrO via the rapid
reaction’:

O + BrO—Br + O,,

ks=3.0x10""cm*s™
The BrO radicals were detected at m/e = 97 using electron
energies of ~20 eV. Absolute concentrations of BrO were
determined using the titration reaction®:

BrO + NO—Br + NO,,

k¢=2.1x10""cm?s™},
and measuring the [NO, ] formed. A lower limit to detection
of BrO was =~ 3 10° cm ™2 at a signal-to-noise ratio of 1:1.

Helium (Ideal Gas Products, 99.999%) was passed
through a molecular sieve trap at 77 K before entering the
flow tube. SO, (Matheson, 99.98% ) and Br, ( Baker Chemi-
cals, 99.9%) were degased at 77 K. O, (Matheson UHP,
99.99%) was used without purification. NO (Matheson,
99% ) was purified by fractional distillation at 140 K. NO,
(Matheson, 99.5% ) was purified by adding O, followed by
trap-to-trap distillation at 196 K to remove O, and NO. A
small correction ( < 5% ) was made to the NO, flow rate to
account for the rapid dissociation of the N,0, dimer which
occurred between the flow controller and the flow tube.

(5)

(6)

RESULTS

The reaction of SO with BrO was studied under pseudo-
first-order conditions using two different methods. In meth-
od I, BrO was in excess and the course of the reaction was
followed by monitoring the decay of SO with reaction time
(i.e., distance from the movable injector to the pinhole).
This is the approach used in our study of the SO + CIO reac-
tion.! In method II, SO was used in excess and the decay of
BrO is monitored as a function of time. This is similar to the
experiments of Clyne and MacRobert® which gave a lower
limit for &,.

The pseudo-first-order rate equation for a reaction

k
A + B — products,
where [B],> [A], is given by

In([A,]/[A]) = k[B]¢.

Small stoichiometric corrections to [ B] were made to allow
for the depletion of B during the course of the reaction

[B]mean = [B]O_ 1/z[A]O
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FIG. 1. Kinetics of the SO + BrO reaction under conditions of excess BrO.
(a) Typical first-order logarithmic decay plots of SO: B: [BrO],...
=0.45X10'2 cm™3, O: [BrO] sy = 1.66%10'2 cm™>, A: [BrO] ..
= 1.76X 10" cm™>, @ [BrO}],,..,, = 2.62X 102cm~>. (b) Summary plot
of pseudo-first-order rate constant k' with [BrO1,,.....

The pseudo-first-order rate constant is given by k.
= k[B] mean- Corrections were made to k., to allow for
axial diffusion of SO and BrO radicals in the carrier gas by
means of the equation

k'=kl[1+ (D/V)k b ],
where k' is the corrected first-order rate constant, D is the
diffusion coefficient, and v is the flow velocity. Diffusion

coefficients for SO and BrO were determined using the
method of Lewis et al.’

BrO in excess
BrO was generated at reaction times from 2 to 15 ms.
Initial [BrO],/[SO], stoichiometries were low due to the
necessity of keeping [ BrO], low to limit the removal of BrO
via the fast disproportionation reaction'®
BrO + BrO—products,
k,=27x10"2cm?s™ .
It was necessary in some experiments to make a small correc-
tion to [BrO] .., to allow for the removal of BrO via reac-
tion (7). Figure 1(a) shows typical logarithmic decay plots

(7N
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of [SO1,/[SO] vs time, which display good linearity up to
about an order of magnitude decay in [SO].

An intercept was observed which extrapolates to a com-
mon origin at about — 1.0 ms and is assigned to a dead time
in the sampling system. Similar dead times due to inefficient
pumping between the end of the flow tube and the first pin-
hole were observed in our studies of SO + NO, and SO-

+ ClO! and have been noted previously in other discharge
flow-mass spectrometer systems.”>'"'? Figure 1(b) shows
the dependence of the pseudo-first-order rate constant k£  on
[BrO] nean based on the results from 26 experiments.

Good second-order behavior is demonstrated by the fact
that the plot of k' vs [BrO] .., is linear. A small positive
intercept of 12 s~! is observed which is attributed to the loss
of SO on the wall of the flow tube. The bimolecular rate
constant was determined from the slope of the line in Fig.
1(b) using least squares analysis. This gives a mean value at
298 K of (6.64 + 1.33) X 10~ " cm?s™! (10).

To allow for possible systematic error due to the low
values of [BrO]y/[SO],, the larger than usual correction
due to the rapid BrO + BrO reaction, and possible error in
the [ BrO] calibration, we quote the value from Method I as

k,= (6.6 +£2.0)x10" " cm*s~".

SO in excess

Unlike the previous method, no correction for the oc-
currence of the SO + SO (8) reaction was necessary since
the rate of this reaction has been shown to be very slow
(kg <3 X107 cm3s™1).>!? SO was added at reaction times
from 2 to 15 ms and initial stoichiometries [SO],/[BrO],
were varied from 4 to 10. Typical logarithmic decay plots of
[BrO] vs time are displayed in Fig. 2. Table I summarizes
the results of a total of nine experiments performed with SO
in excess. The mean value of the rate constant from these
experiments is (4.76 + 0.80) X 10~ ecm*®s™! (10). Allow-
ing for possible systematic error in reactant concentration

In Igo

o
-

t/ms

FIG. 2. Kinetics of the SO + BrO reaction under conditions of excess SO.
Plot of InBrO signal vs time. B: [SO}, ., =2.17X10'2 cm™>. @:
[SO1ean = 5.93%X 102 cm ™3,

TABLE 1. Results for SO + BrO—S0, + Br under conditions of excess
SO.

[BrO]/10" cm™> [SOl,can /102 em 2 k'/s™! k/107 " cm3s™!
7.09 4.14 149 3.60
7.99 3.45 170 4.93
5.55 3.76 177 471
5.35 3.04 159 5.23
5.35 2.83 142 5.02
3.35 2.17 94 4.33
3.73 2.36 133 5.63
3.00 2.04 121 5.93
5.80 593 203 3.42

Mean value = (4.76 + 0.80) X 10~ ' cm?®s~! (1o)

 gives the Method II value

k, = (4.8 + 1.6) 10~ cm®s~".

DISCUSSION

We have used two methods to determine the rate con-
stant for the reaction SO + BrO—SQ0, 4 Br. Each had its
own advantages and disadvantages. Method I with BrO in
excess gave good first-order SO decays over a good range of
[BrO], but the stoichiometry was low resultihg in poorer
first-order conditions, and a significant correction to [BrO]
was required due to loss via BrO + BrO. The experiments
using Method II with SO in excess had better first-order
conditions and required no corrections for the occurrence of
SO + SO, but the BrO decay plots showed more scatter and
the experiments were more difficult to perform. This could
have been due to the more reactive nature of BrO compared
to SO, making it more difficult to monitor BrO decays quan-
titatively.

The results from the two methods are in moderate
agreement. Given the limitations inherent in each method,
we see no reason to prefer one over the other. We therefore
quote the simple mean of the two values as the recommended
rate constant at 298 K,

k,=(57+20)x10""cm®s™},

where the quoted uncertainty is the larger of the uncertain-
ties associated with the two separate determinations.

Our result for &, is consistent with the lower limit of
4% 107" cm® s~! derived by Clyne and MacRobert® from
experiments under conditions very comparable to our Meth-
od II (SO in excess). Our result for SO 4+ BrO may also be
compared to those for other reactions involving SO. The
pertinent reactions of SO include SO + NO,, SO + CIO,
and SO + OH. All are fast reactions involving oxidation of
SO to SO, with rate constants (298 K) of 1.4 X 10~ cm?
s 32% 107 " em® s~ and 84X 10~ " cm>®s— 1, re-
spectively. Our value for SO + BrO (k =5.7X 10~ cm?®
s~ ') shows that the rate of this SO reaction is intermediate in
this series, being several times faster than that for NO, or
ClO, but somewhat slower than the reaction with OH. Since
the reactions SO + NO, and SO + ClO have been shown to
be independent of temperature from 210 to 363 K and 248 to
363 K, respectively,' it may be expected that the faster reac-
tions SO 4+ OH and SO + BrO will also show little or no
temperature dependence. The reactivity of the SO radical is

J. Chem. Phys., Vol. 85, No. 5, 1 September 1986
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TABLE II. Comparison of kinetic data of SO, NO, and O atoms.*

J. Brunning and L. Stief: Rate constant for SO 4-BrO—S0,+Br

X k(SO + X) k(NO + X) k(0O +X)
0, 1.0X 10712 (Ref. 15) 1.8 10~ (Ref. 16) 8.0x 10713 (Ref. 17)
OocClO 1.9 107 !2 (Ref. 5) 3.4 10" (Ref. 18) 5.0 10713 (Ref. 18)
NO, 1.4X 107! (Ref. 1-4) 9.5% 10~'2 (Ref. 19)
Clo 3.2x107 1 (Ref. 1) 1.7% 10~ (Ref. 8) 4.2% 107! (Ref. 20)
BrO 5.7 % 10! (this work) 2.1%x 107" (Ref. 8) 3.0x 107! (Ref. 7)
OH 8.4 107! (Ref. 14) 1.5 107" (Ref. 21) 3.1X 1071 (Ref. 22)

aRate constants at 298 K in units cm® s !. Note that for the OH + NO reaction the high pressure limiting rate

constant is quoted.

similar to that of NO and O atoms with respect to their
reaction with O,,'-'7 OCI10,%!® NO,,'~*'? C10,"%?° BrQ,
and OH. 42122 A5 can be seen from Table I1, the reactions of
SO are faster than those for NO and O (except for CIO + O)
and that the trend in reactivity is similar, with the rate con-
stant increasing in the order O; < OClO <« NO, < ClIO, BrO,
OH.
Finally, it may be noted that the reaction SO 4 BrO
—80, + Bris of interest for models of the upper atmosphere
of the Earth. It provides one of the routes for oxidation of SO
to SO, in the atmosphere.?* This reaction also has the poten-
tial for being one of the few reactions to provide coupling
between atmospheric sulfur cycles and atmospheric bromine
cycles. Similar roles for the analogous SO + ClO reaction
have been proposed for the atmosphere of the Earth?* and
Venus.?
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