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Kinetics of the Gas-Phase Reaction of BrN@with NO
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BrNO, was prepared in situ in a static reacter € 420 L) by photolyzing B#NO,/N, mixtures in the
wavelength range 506700 nm at temperatures between 263 and 294 K. After the lights were switched off,
the excess NO was added, and IR and UV spectra were monitored simultaneously as a function of time.
From the pseudo-first-order decay of the IR absorption of Brii@he presence of a large excess of NO, the
second-order rate constant for reaction 4, BsNONO = BrNO + NO,, was determined to ble, = 2.3 x

10 2 exp[(—17.8=+ 2.1) kI mol/RT] cm®molecule’s™® (20). The measured yields of BrNO were close to
100% (98+ 5%). These results suggest that reaction 4 is unimportant as a loss process of UBiiND

most tropospheric conditions. Additional experiments on the thermal stability of Bi&Dto an upper

limit of 4.0 x 104 s for its thermal gas-phase decomposition rate constant at 298 K in 1 atm of synthetic
air. Finally, the mechanism of the Br NO, reaction and the thermochemistry of Brji&d BrONO are
discussed in light of the results of the present experiments and of previous work from the literature.

1. Introduction time until a stationary temperature of the photolysis lamps was
. . . achieved. The gas mixtures were analyzed by long-path IR
reaction of NO. wih 4ea salt 410501 (s6e. 6.0, s 1 and 2), SD50TPON (Optical path length 40 m) using an FT-IR spec-

s €9 " trometer (NICOLET Magna 550). UV absorption spectra could

i o eSS4 simltaneousy (spical e engh 2 m) i 3
p ; . POUNSinde array spectrometer, which consists of a diode array
on sea salt are still very uncertain. To assess the bromine

balance in the marine troposphere, the rate parameters for thedetector (EG&G; model 1412) and a modified 25 cm double

most important loss processes of BrN@re also needed monochromator (SPEX).
p P o C BrNO, was formed according to the mechanism
However, the present knowledge on the kinetic properties of

BrNO, is very sparse. Previous work on the thermal gas-phase R

decomposition of BrNg* is not unequivocal, but evidence Br,+ hw=Br + Br @

emerges now (ref 4, this work) that its thermal lifetime around Br + NO, (+M) = BrNO, (+M) (2a)
2 2

room temperature is on the order of an hour or more. In the

troposphere and under sunlight conditions, photolysis is esti- ) . . )
mated to be faster than thermal deomposition on the basis oflt was identified by comparison of the photolysis product spectra

the UV absorption cross sections from Scheffler ét &or the ~ With published low-temperature matrix and gas-phase IR spectra
conditions July 1, noon, 5N, no clouds, the photolysis lifetime ~ ©f BrNO2.571% After a certain period of time that depended
of BrNO, is about 4 min. The reaction of BrNQvith NO is on the initial NG concentration, the BrN©concentration
another possible atmospheric loss process of BtN@ the leveled off, probably owing to the loss reaction

present work, the rate constant of this reaction has been

measured as a function of temperature. BrNO, + Br= Br, + NO, 3)

After stationary concentrations of BrN@vere established, the
photolysis lamps were switched off. In the dark and with no

The experiments were performed at total pressures close toNO Present, the lifetime of BrN&in the photoreactor was on
1 bar in a temperature-controlled 420 L photochemical reaction the order of 1 h. In the presence of NO (3210'*-1.4 x
chamber from DURAN glass, which was described elsewhere 10" molecule cm?), BINO, decayed on the time scale of
in more detail. BrN@was prepared in situ by photolyzing Br minutes. The decay of BrN;Chnq the smultaqeous formatlpn
NO/N, mixtures with fluorescent lamps radiating in the ©f the product BrNO were monitored by their IR absorption.
wavelength range 506700 nm (Phillips TLD36W/16). In the IR absorption coefficients of BrN£and BrNO were determined

first 1—2 min of photolysis, the light intensity increased with ~from their simultaneously measured IR and UV absorptions,
on the basis of Beer’s law and the UV absorption cross sections

* Present address: Institut flPhysikalische Chemie der Univergita of Scheffler et aP.for BrNO, and of Houel and van den Bergh
Universitd Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, Germany.  for BrNO.

10.1021/jp982812b CCC: $15.00 © 1998 American Chemical Society
Published on Web 10/07/1998

2. Experimental Section
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Figure 1. Concentratior-time profiles for BrNQ formation at different

initial concentrations of N T = 293+ 1 K, p = 988 4+ 2 mbar, M

= Np; initial concentrations (in molecule cr¥): triangles, [Bslo =

7.1x 10" [NOjJo = 1.7 x 10'4 squares, [Bilo = 7.1 x 10 [NO]o

= 3.5 x 10" circles, [Bg]o = 8.2 x 10", [NO]o = 7.1 x 10

Known amounts of N@ Br,, and NO were introduced into
the reaction chamber using a glass bulb of calibrated volume
for NO and gastight syringes for NGand Bp. NO, dimer
formation in the syringe was taken into account using the
equilibrium constants for NO+ NO, < N,O, from Harwood
and Jone$?

Research grade Br(Aldrich, 99%) and NQ (Messer

Griesheim, 1.8) were used as supplied. NO, which was present

as an impurity in N@, was titrated with @ in some of the
experiments. Pressures were measured using capacitance pre

sure gauges. The temperature in the reaction chamber Waigure 2.
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IR spectra during photolysis of a BNO,/N, mixture with

measured with a platinum resistance gauge. The temperature;00-700 nm light, photolysis time, 475 §,= 292 K, p = 989 mbar,

was constant withint0.5 K during an experiment.

3. Results and Discussion

Stationary State in the BrJ/NO, Photolysis. When Bg/
NO,/N, mixtures were photolyzed in the wavelength range
500-700 nm, stationary concentrations of Brpl@ere estab-
lished after certain periods of time (Figure 1). Traces of NO
in the NG, sample led to a reduced yield of BrN@ccording
to the chain reaction

BrNO, + NO = BrNO + NO, (4)

(5)

(Ks.208x = 3.7 x 10719130r 5.2 x 10712 4cm® molecule s71).

For this reason, NO was titrated with ozone in the BENO
lifetime experiments (next section) before the photolysis was
started, leading to larger stationary concentrations and longer
lifetimes of BING. As a consequence, small amounts of excess
ozone led to the formation of JOs in these experiments;
however, there was no experimental evidence for any interfer-
ence of the equilibrium BOs < NO3; + NO, with either the

rate of BrNQ formation or its stationary concentration. The
equilibrium concentration of the reactive MQadical was
extremely low owing to the large excess of NOAn IR
spectrum of the reaction mixture during photolysis is shown in
Figure 2a, and the residual after subtracting the absorptions from

BrNO + Br=Br, + NO

M = Ny, [Brzo = 8.2 x 10 molecule cm?, [NO;Jo = 7.1 x 10"
molecule cm?, water vapor absorption lines have been subtracted from
both spectra: (a, top) product spectrum; (b, bottom) absorptions from
NO;, N.Os, and traces of BrNO subtracted from spectrum a, showing
the IR absorptions of BrNg©centered at 1200, 1292, and 1667 ¢m
between 1580 and 1640 cinthere is residual absorption from the
nearly saturated N©Oband.

NO;, N2Os, and traces of BrNO and water is displayed in Figure
2b, showing the three IR absorption bands of the photolysis
product BrNQ in the range 11001900 cntl> Whereas
CIONO is formed in the photolysis of @NO, mixtures as the
main primary product which is then converted to the more stable
isomer CINQ,>16 BrONO could not be identified as a product
in the present work. This is in line with previous experimental
findings of Yarwood and Niki and consistent with recent
theoretical work of Leé8 who calculated BrN®to be more
stable thancis- and transBrONO by 27 and 43 kJ mol,
respectively. Since the absorption cross sections of Brat®
lower by a factor of 16-20 as compared to those of Bn the
500-540 nm range (photolysis threshold of,Br~540 nm,
photolysis rate constant of Bin the photoreactor x 10~*

s1) and lower than 1° cnm? molecule! beyond this wave-
length, the photolysis of BrN©Ocannot be important in the
present reaction system.

Provided that reactions 2a and 3 are the only source and loss
processes, respectively, for Bri@he stationary concentration
of BrNO; is given by
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[BrNO,]ss = (ko k3)[NO,], 0
since the NQ concentration is in excess and nearly constant
during photolysis. For this reason, [BrNJgsis expected to be
proportional to [NQ]o. It turns out, however, that [BrN£xs

is proportional to ([NQ]g)3, indicating that the mechanism of
reactions 3 is not complete (see below). The time constant
of the approach of the BrNfOconcentration to its stationary
state depends on the initial concentration of N&ee Figure 1
for comparison) and should also depend on the initial Br
concentration, which, however, was only slightly varied in the
present work. With [Bffo = 8.2 x 10* molecule cm® and
[NO3]Jo = 7.1 x 10" molecule cm®, for example, a relatively
high stationary concentration of BrNOs formed after a
relatively long time. Contrary to this, at lower initial concentra-
tions of NG, (e.g., [Brh = 7.1 x 10 molecule cm?, [NO3]o

= 1.7 x 10" molecule cm?), the stationary concentration of
BrNO, is much smaller, and the stationary state is established
in a much shorter time. This time behavior is rationalized by

the fact that the stationary Br atom concentration increases with

decreasing N@ concentration such that the initial BrNO

formation rate remains unaffected whereas the rate of reaction

3 increases, thus reducing the stationary BsN@ncentration.
Semiquantitatively, the concentratietime profiles of BrNQ

in Figure 1 can be reproduced by computer simulation of a
simple mechanism consisting of reactions 1, 2a, and 3, i.e.,
assuming BrN@ to be stable on the time scale of the

experiments, in agreement with the experimental findings (see

below). Using the kinetic simulation program LARKINand
applying the measured photolysis rate rate constant fgrtie
best fits of the concentratieftime profiles of Figure 1 were
obtained by selecting the ratle/ks to be about 0.016. With
this ratio andks 29k = 2.4 x 10711 cm?® molecule® s7120from
Mellouki et al.?! k = 3.8 x 10713 cm® molecule st is
calculated, which is lower by a factor of 13 as comparekbio

= 4.9 x 10722 cm® molecule® s71 for M = N, derived from
the work of Kreutter et al. Assuming theks value of Mellouki

et al. to be correct, the present resultkeglks is consistent with
the work of Kreutter et al. only if one assumes that BrONO is
the main primary product of reaction 2 and only a small fraction
(~ 8%) leads to BIN@

Br + NO, (+M) = BrNO, (+M) (minor product) (2a)

Br + NO, (+M) = BrONO (+M) (major product) (2b)

In the next section, evidence will be given to support this
assumption. This being true, BrONO must also be the isomer
primarily formed in the work of Mellouki et af! and the rate

constant for reaction 3 determined by these authors has to be

assigned to the reaction

Br + BrONO= Br, + NO, (6)
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Figure 3. Thermal decay rate constants of BrN@BrONO): triangles,
from ref 3, p = 267 mbar, M= N, isomer assumed to be BrNO
straight line, calculated from ref 3 fgr= 1 bar; crosses, ref 4, isomer
BrNO,, p = 1000 mbar, M= He, propene added in order to scavenge
Br atoms; full squares, this work, isomer Brb@ = 988 + 2 mbar,

M = synthetic airfrans-2-butene added in order to scavenge Br atoms;
full circles, 293/300 K, 805t 5 mbar, M= synthetic air, [Bslo = 7.8

x 10" molecule cm?, [NO;]o = 1.6 x 10 molecule cm?, excess
CH3CHO (3.5x 10 molecule cm®) added in order to scavenge Br
atoms.

The nonlinear increase of [BrNQs with increasing [NGQ]o
([BrNOg]ss O [NO3]ot9) is difficult to rationalize. The most
reasonable explanation is to assume a reaction between BrONO
and NQ

BrONO + NO, = BrNO, + NO, (7

i.e. an NQ-catalyzed isomerization of BrONO. A value of
about 2x 10716 cm?® molecule® s1 for k; is able to reproduce

the observed 1.3th power dependence of [BsN{n the initial

NO, concentration as shown in Figure 1. The uncertainty about
the existence of reaction 7 does not affect the rate data on the
reaction of BrNQ with NO since BrONO is thermally too
unstable { = 1.2 s at 298 K, 1 bar of M) to accumulate to
nonnegligible concentrations on the time scale of the present
experiments.

Behavior of BrNO; in the Dark. After the lights were
switched off, BrNQ disappeared according to a first-order rate
law with a time constant betweenl and several hours. This
is in line with the work of Frenzel et at.who suggested that
the room-temperature value kf,,

BrNO, (+M) = Br + NO, (+M) (—2a)

is smaller by several orders of magnitude than the value derived
from the work of Kreutter et al.(see Figure 3). To elucidate
these discrepancies, experiments similar to those of Frenzel et

rather than reaction 3. On the basis of the preceding discussional. (ref 4, 10 cm quartz cell) were performed in our 420 L

it is concluded that both isomers BrNGand BrONO are
involved in the mechanism, ankbdko, ks, and k—p, are
important but unknown parameters that are needed to fully
describe the B#- NO, recombination/dissociation system. It is
difficult to unravel these rate parameters from the present
experiments, in particular sindg is also not well-known and
the time resolution in the present work is poor at the beginning

photoreactor, i.e., at considerably larger volume:surface ratios.
The measured first-order loss rate constants can be either larger
thank_», owing to wall loss or smaller owing to regeneration

of Br atoms and thus of BrN£via reaction 2a. To avoid the
re-formation of BrNQ, excesstrans2-butene (8.6x 10%
molecule cm3) was added to the reaction mixture as a Br atom
scavenger in several experimertsBr + trans2-butene)=

of the photolysis phase owing to the time dependence of the 9.3 x 102 cm?® molecule™? s7129. Synthetic air was used as

light intensity.

a buffer gas in these experiments in order to scavenge the
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olefin—Br addition product by addition of £ There was no K_2p208k = 1.2 s'1 can be derived for 298 K and M N,.3
difference in the lifetime of BrN@whethertrans-2-butene was Frenzel et al. analyzed their data on the thermal decay of BrNO
present or not. Since the Br atoms scavengetldns-2-butene at different temperatures as a superposition of homogeneous
could have been reliberated in the course of the bromine atomand heterogeneous decomposition, characterized by different
initiated degradation dfans-2-butene, acetaldehyde (3510 activation energies. By fitting their data with a sum of
molecule cn®) was added in place dfans-2-butene in three exponential terms, they arrived at an Arrhenius expression for
experiments since Br atoms are irreversibly converted to HBr the homogeneous decomposition for 1 bar=VHe, yielding

by the reaction with acetaldehyde k oa=4 x 10° s! at 298 K. From the falloff curves of
Kreutter et al. for the reverse reactiokafNo)/ko(He) =
Br + CH,CHO— HBr + CH,CO ®) k_24(N2)/k_24He) = 1.6 can be derived. Combining this ratio
with k_25 (M = He) from Frenzel et alk_»4 (M = N,) = 6.4
(k208 = 3.9 x 1072 cm® molecule ~1 s7129). In these x 1075 s Lresults. The difference of the rate constants derived

experiments, synthetic air was used as a buffer gas in order toabove fork_,, andk_» is considered to reflect the difference
scavenge the acetyl radicals formed in reaction 8 and to preventin bond energies in BrONO and BrNO This conclusion relies

them from regeneration of Br atoms via the reaction on the assumption that both reactions have a similar preexpo-
nential factor of the high-pressure rate constant and a comparable
CH;CO + Br,— CH;C(O)Br + Br 9) falloff at atmospheric pressure. Setting Knf/k ) =

IN(1.2/6.4x 1075) = —A(AH®; 209/RT, AH°; 204 Br—NOy) —
(ko,208= 1.08 x 1071%cm?® molecule? s7124). In the presence  AH®, 204Br—ONO) = AH® 206(BFONO) — AH® 20(BINO,) ~
of synthetic air, the acetyl radicals react via the reactions (24 £ 3) kJ molis derived. This value compares favorably
with the ab initio value of (27+ 4) kJ mol calculated by
CH;CO + O, (+M) = CH,C(0)G, (+M)  (10) Lee'8 for the difference of the heats of formation tfns
BrONO and BrNQ. From this difference of bond energies and
CH,C(O)G, + NO, (+M) = CH;C(O)ONO, (+M) (11) the above value for the heat of formation of BrONO,
AH% 295(BINO,) = (43 + 6) kJ moltis calculated. According
Since the first-order loss rate constants of BeNf identical to the previous discussion, the findings of the experimental
reaction conditions varied within a factor of—3, these studies of Kreutter et al., Frenzel et al., Mellouki et al., and the
experiments were conducted in such a way that the excess ofpresent work on the B+ NO, system are consistent with each
acetaldehyde was added in the middle of a long observationother and with the theoretical work of Lee provided that the
period. There were indications for a slight increase of the first- main product of the Br+ NO, recombination is the isomer
order loss rate constant after the addition ofsCHO by a factor BrONO and that BrN@ is thermally much more stable than
of <2; however, this effect was difficult to quantify. Since it BrONO.
was considered to be safe that the scavenging of Br atoms by The lifetimes of BrNQ in our reaction chamber are larger
acetaldehyde is irreversible, these latter experiments were usedy 2 orders of magnitude as compared to the observation times
to derive a rigorous upper limit fok ., at 298 K and  applied in the experiments for the reaction of BriN@th NO;

atmospheric pressure (M synthetic air) ofk-,a < 4.0 x 10°* i.e., the loss of BrN@in the presence of NO is due to the

s~1 (full circles in Figure 3). reaction of BrNQ with NO and not to the reaction sequence
The results of the present work on the thermal lifetime of

BrNO, are shown in Figure 3, together with the results of BrNO, (+M) = Br + NO, (+M) (—2a)

Kreutter et af and Frenzel et d. The first-order decay rate

constants of BrN@from the present work are consistent with Br + NO (+M) = BrNO (+M). (12)

the results of Frenzel et &land extend their temperature range
to lower temperatures. At present the origin of the discrepancies
between these low upper limits &f ,, and the high values
derived from the work of Kreutter et al. is not completely clear. BrNO, + BrNO, = Br, + 2NO, (13)
Probably, the BrONO isomer was primarily formed in the

reaction system of Kreutter et 8las was already suggested by Such a reaction is known for INQ(kaegk(INO2 + INO, = |
Frenzel et al. BrONO was then thermally stable on the short + 2NO,) = 4.7 x 10715 cm® molecule? s712329 put not for
time scale of their experiments below 350 K, and regeneration CINO,. However, reaction 13 must be of second order in
of Br atoms occurred above 350 K owing to thermal decom- BrNO,, different from the first-order rate law observed in the
position of BrONO. The much longer lifetime of BrNGs present work. In addition, the long lifetime of BrN@n the
determined in the work of Frenzel et al. and the present work dark shows that reaction 13 cannot be important on the time
can then be explained by the larger bond energy of BrE© scale of the present experiments.

compared to BrONO, which is also suggested by the theoretical Behavior of BrNO; in the Presence of NO. The following
work of Lee!® This being true, the value for the enthalpy of conclusions are drawn from the two previous sections:
formation of BrNQ derived by Kreutter et @land adopted by (i) Probably, only a small fraction of the B# NO;

the most recent JPEand IUPACS reviews should be assigned recombination leads, at room temperature, to the isomer BrNO
to BrONO rather than BrN&Xafter reevaluation of the entropy  Assigning the thermal decomposition rate constants of BrNO
contribution). The most direct thermochemical result of Kreutter derived by Kreutter et &to the isomer BrONO, BrONO would

et al., which is largely independent of the correct isomer be too unstable in the present reaction system to accumulate to
assignment, is the second-law value for the reaction enthalpynonnegligible concentrations; i.e., the only important species
of reaction 2 AH®, 208~ AH° 401 = 78+ 3 kJ mol'L, see Figure to react with NO is the isomer BrNO

5 of ref 3). If this value is assigned to the formation of BrONO (ii) BrNO> is thermally stable under the conditions of the
rather than BrN@ AH°% 29g(BrONO) = (67 & 3) kJ moi? present experiments, i.e., the loss of BrN@the presence of
results. From the rate parameters presented in their paperNO can be assigned to its bimolecular reaction with NO.

Another possible loss process of Bri3 the self-reaction
of BrNOx:
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Figure 4. Decay of BrNQ with time for different excess NO Figure 6. Concentratior-time profiles of BrNQ (triangles) and BrNO

concentrations] = 294 K, added NO (units of molecule cf): open (squares) in the dark; reaction conditions same as in Figure 5. During
squares, no NO added; crosses, 1780, full squares, 3.85 10%, the initial 10 s, the time behavior deviates from first order owing to
triangles, 1.42< 10 the finite mixing time of the added NO. In Figure 4, the time of the
second data point of each profile is set equal to zero.
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Figure 5. Difference spectrum of a BINANO/N, mixture in the dark 0.0 0.5 1.0 1.5
obtained by subtracting a spectrum before NO addition from a spectrum
after NO addition;T = 283 K, p = 988 mbar, M= N,, reaction time [NO] [ 10" molecule cm™]
in the presence of NO-86 s; absorption at 1800 cth BrNO,

absorptions at 1667 and 1292 ¢ BrNO,. Figure 7. Pseudo-first-order rate constants of BiN@ss as a function

of [NO] at different temperatures.

(iii) The increase of the stationary BrN@oncentrations in The pseudo-first-order rate constants for BENGSS Kist order
the photolysis experiments with the Bi€bncentration according = KNO], are presented in Figure 7 as a function of [NO] at
to a power larger than 1 can possibly be explained by reaction 294, 283, 273, and 263 K. The slopes of the straight lines
7. In the present study on the rate of reaction 4, however, this "€Presenks. An Arrhenius plot ofks is shown in Figure 8.

reaction is unimportant owing to the absence of BrONO in the 1he telrznperature dependencek@ﬁsi represgnted bl ) 2;?
dark. x 10712 exp[(—17.8+ 2.1) kJ motY/RT] cm® molecule! s

(20). In Table 1, the Arrhenius parameters are compared with
. . i those of related reactions. To the best of our knowledge, rate
according to a first-order rate law, the apparent first-order rate constants for the reaction of NO with FN@nd ING are not
constant being proportional to the NO concentration. This is o\ 4iaple. However, for CIN@an Arrhenius expression with
shown in Figure 4 for three differ_ent excess NO concentrations 4 very similar preexponential factor but a higher activation
and for [NOp = 0 at 294 K. Simultaneous to the decay of gnergy has been determined by Wilkins e€%and in this
BrNO,, the formation of BrNO was observed by both it$IR  |anoratory2e The latter work shows that the reaction of CIONO
and UV absorptions. Absolute concentrations of BINEd  with NO is faster than the reaction with CIN®y more than
BrNO were derived by using the UV absorption cross sections an order of magnitude. Similarly, the rate constant for the
of Scheffler et af. and Houel and van den Berghrespectively. reaction of NO with BrONO

BrNO was the only product apparent in the product IR spectrum

(Figure 5). The time constants for the decay of BeN@d the BrONO + NO= BrNO + NO, (14)
formation of BrNO were the same (Figure 6). might be expected to be larger thkn

In the presence of a large excess of NO, BeNiBappeared
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TABLE 1: Kinetic Data on Reactions XNO, + NO = XNO + NO; (X = halogen)

AHOr,ZQB k298
NO + ... (kJ mol?) (cm® molecule't s7Y) A(s? Ea(kJ mol?) ref
FNO,
CINO;, —17.85 (ref 23) 2.1x 107Y 2.3x 10712 28.8 28
BrNO, —18+ 6 (ref 23y 1.7x 1071 2.3x10°%? 17.8+ 2.1 () this work
INO,

a See text forAH®;205(BINOy).

-34.0

342 +
344 1

-34.6 1

In ( ka/ cm® molecule's™)

-34.8

-35.0

3.40 3.50 3.60 3.70
1/T[10°K"]
Figure 8. Arrhenius plot forks.

4. Conclusion

Analysis of the kinetic data on BrNBrONO from the
literature and the present work suggests that BrMOmore
stable than BrONO by about 23 kJ méland that the major
primary product in the recombination of Br atoms with Ni©®
BrONO. BrNG is thermally quite stable, with a thermal
lifetime of abou 1 h ormore at 298 K. This kinetic behavior
is analogeous to CINZCIONO.

In the lower troposphere and for the presence of 1 ppb NO,
the lifetime of BrNQ with respect to reaction with NO is 6.5
h; i.e., at low solar radiation and relatively high mixing ratios
of NO, the reaction with NO could be a nonnegligible loss
process of BrN@ However, in those areas (the marine
troposphere) where the mixing ratio of BrihN@an be expected
to be relatively high, the mixing ratio of NO is considerably
smaller than 1 ppb, and, for most tropospheric conditions
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