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ABSTRACT

The products of the Br-atom initiated oxidation of trans-2-butene have been studied in a large-
volume reaction chamber between 246 and 298 K using in situ FT-IR for the analysis.
3-Bromobutan-2-one, acetaldehyde and acetylbromide were the major products of this oxidation
process. Additional products included formaldehyde and hydrogen bromide and evidence was
found for the formation of 3-bromobutan-2-hydroperoxide. Decreasing the temperature from
298 K down to 246 K resulted in an increase in the yield of 3-bromobutan-2-one and a decrease
in the yields of acetaldehyde, acetylbromide, formaldehyde and hydrogen bromide. Addition of
NO to the reaction system resulted in nearly a doubling of the yields of 3-bromobutan-2-one,
acetaldehyde and formaldehyde. The reaction mechanism is discussed and possible consequences
of the results for the involvement of bromine/alkene chemistry in the springtime depletion of

ozone in the Arctic are considered.

1. Introduction

Halogen-containing compounds are ubiquitous
components of the atmosphere (Asplund and
Grimvall, 1991; Hoekstra and De Leer, 1995;
Gribble, 1994a,b; Tokarczyk and Moore, 1994).
Over 2400 organohalogen species are produced
by biogenic processes involving marine organisms,
seaweed, plants, seeds, trees, fungi, lichens, algae,
bacteria, microbes and insects. Methyl bromide
(CH;Br) is now believed to be the most important
atmospheric organobromine reservoir substance
in the atmosphere and has both biogenic and
anthropogenic sources (Lobert et al., 1995; Fabian
et al., 1995; Mano and Andreae, 1994; Khalil et al.,
1993; Singh and Kanakidou, 1993). Its global
tropospheric mixing ratio is typically >10 ppt
(Fabian et al.,, 1994; Khalil et al. 1993; Albritton
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and Watson, 1993). The estimations of the global
emission rates of CH;Br include large uncertain-
ties with values ranging from ~75 to 400 Gg/yr
(Lobert et al., 1995; Platt and Janssen, 1995; Mané
and Andreae, 1994; Reeves and Penkett, 1993;
Khalil et al.,, 1993). The anthropogenic contribu-
tion is currently estimated to be in the order of
40-50% (Lobert et al, 1995; Reeves and
Penkett, 1993).

Tropospheric ozone depletion in Arctic regions
during the time period of polar sunrise is now a
well established phenomena (McConnell et al.,
1992; Bottenheim et al., 1990; Mickle et al. 1989;
Oltmans et al., 1989; Barrie et al, 1988, 1989).
During these episodes ozone concentrations drop
from the normal 40 ppb down to <2 ppb within
less than one day. In field measurement campaigns
an anti-correlation between bromine containing
compounds and ozone concentration has been
found (Barrie et al., 1994a,b; Leaitch et al., 1994;
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Li et al., 1994; Yokouchi et al., 1994). Recent field
measurements carried out at Ny-;\lesund
(Spitzbergen-Svalbard) within the FEuropean
Commission financed project ARCTOC (Arctic
Tropospheric Ozone Chemistry) have established
beyond reasonable doubt that the cause for the
sudden ozone loss is induced by bromine and
chlorine catalysed reactions, whereby BrO, plays
a major role and ClO, probably enhances the
efficiency of the O; depletion (Platt et al., this
journal).

Field measurements on the concentration ratios
between C,—Cg hydrocarbons measured during
the ozone depletion episodes (Jobson et al., 1994;
Solberg et al., 1994) support that the OH-radical
is not the principal reactive species propagating
the photochemistry during the ozone depletion
events. The available evidence strongly endorses
that during these events the oxidation of the
hydrocarbons is being driven by chlorine and
bromine chemistry.

The atmospheric degradation of organobromine
species via OH radicals or photolysis may release
BrO, radicals which are capable of destroying
tropospheric ozone. The BrO-concentrations
measured in springtime at the Canadian Arctic at
Alert using Long Path Differential Absorption
Spectroscopy (Hausmann and Platt, 1994) vary
between 4 to 17 ppt. Additionally, it has become
clearer that heterogeneous processes on sea-salt
aerosols and ice surfaces at low temperatures are
of major importance in which halogens are chem-
ically converted and released to the troposphere
(Abbatt, 1994; Hanson and Ravishankara, 1992;
McConnell et al., 1992; Fan and Jacob, 1992).

The atmospheric chemistry of the reactions of
bromine atoms with VOCs (volatile organic com-
pounds) have been not as extensively investigated
as the corresponding reactions with OH radicals
and Cl atoms. Recently, within the framework of
the ARCTOC project, we considerably extended
the kinetic data base for the reaction of Br atoms
with VOCs (Bierbach et al., 1996) which had
previously only consisted of measurements for
acetylene and a very limited number of alkanes,
alkenes and aldehydes (Barnes et al.,, 1989; Seakins
et al., 1992; Wallington et al., 1989; Yarwood et al.,
1992; Niki et al., 1985, and references therein). The
reactions of Br atoms with alkanes and simple
aldehydes are straightforward H-atom abstraction
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reactions whereas reactions with acetylene and
alkenes are addition reactions the rates of which
depend strongly on the oxygen partial pressure
(Barnes et al, 1989). Mechanistic investigations
on the reactions of Br atoms with unsaturated
hydrocarbons are presently only available for
acetylene and ethylene at room temperature
(Barnes et al., 1989; Yarwood et al., 1992). In a
continuation of our investigations of Br-atom
reactions with VOCs within the ARCTOC project
we present here a product and mechanistic investi-
gation the Br-atom initiated degradation of trans-
2-butene in the temperature range 246-298 K with
and without NO, trans-2-butene was chosen as a
model alkene in order to assess potential impacts/
influences of Br/alkene interactions on any brom-
ine chemistry which might be occurring during
the ozone depletion events in the Arctic. The NO,
concentration was varied over a considerable
range in order to establish differences that may
occur in the product distribution pattern for
different atmospheric conditions, e.g., at mid latit-
udes where high temperatures and high NO,, levels
or under Arctic conditions where low temperature
and low NO, levels dominate.

2. Experimental

The experiments have been carried out in a
0.42 m® Duran glass chamber which is surrounded
by 24 super actinic fluorescent lamps (Philips
TLO05/40W, 320 nm <4<480 nm, A,, =360 nm).
It has an integrated White mirror system with an
optical path length of 50.4 m for in situ monitoring
of reactants and products by FT-IR spectroscopy.
The reactor temperature is variable between 240
and 320 K and was stable to within +1 K. The
experiments were performed in the range from 246
to 298 K using the following procedure. The react-
ants trans-2-butene (=25 ppmV) and molecular
bromine vapour (x50 ppmV) were added to
the evacuated chamber which was then filled
with synthetic air up to a total pressure of
1000+ 2 mbar. The reaction mixture was stirred
for 15min in the dark until the temperature
remained constant. An infrared spectrum was then
recorded to determine the exact starting concen-
tration of trans-2-butene. Control experiments
were performed at all of the temperatures investi-
gated in order to check for a possible dark reaction
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between molecular bromine and trans-2-butene.
Within the experimental error limits the trans-
2-butene concentrations recorded directly after
filling up the reactor where always the same over
the entire temperature range as those recorded
prior to ignition of the lamps 15-30 min later.
The reaction mixtures were irradiated for a time
period of 30—45 min during which time infrared
spectra were recorded at 1c¢cm~! resolution by
co-adding 128 interferograms over a period of
120 s. Typically time-resolved data were obtained
in the range 650-4000 cm ™! by recording 13-15
spectra successively. Irradiation of the reaction
mixtures initiated the oxidation of trans-2-butene
via bromine atoms formed through the photolysis
of bromine vapour:

Br,+hv—2Br.

In a number of experiments, NO was also added
to the reaction system. The initial concentration
of NO was typically 5 ppm with trace impurities
of approximately 0.2 ppm NO,. Of the compounds
used in the study cis/trans-2,3-epoxybutane, acet-
aldeyde and acetylbromide were obtained from
Aldrich Company and had stated purities of 97,
96, 99 and 99%, respectively. 3-bromobutan-2-one
which had a purity of 97% was obtained {rom
Lancaster Company. Trans-2-butene and hydro-
gen bromide were obtained from Messer
Griesheim GmbH with a purity of >99% and
>99.8%, respectively. 3-bromobutan-2-ol, which
is not commercially available, was synthesised
using a method described by Igbal and Owen,
1960 with a purity of >98%. All compounds were
used for the generation of calibrated gas-phase
reference spectra without any further purification.

3. Results and discussion

3.1. Identification of products

In the absence of NO,_ Table 1 lists the products
obtained and their formation yields for the differ-
ent temperatures under which the reaction was
investigated. The yields of all the products are
associated with a total estimated error of +10%.
The main source of error in the yields is caused
by spectral overlapping of absorption bands of
similar compounds which makes subtraction of
calibrated reference spectra somewhat difficult.
Other error sources such as gas phase calibration,
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optical path length, temperature, pressure etc. were
found to be very small in comparison with the
error introduced by computer-aided spectra sub-
traction. In the absence of NO, the major reaction
products are 3-bromobutan-2-one, acetaldehyde,
acetylbromide and hydrogen bromide. Formalde-
hyde was a minor product. Traces of CO and CO,
and HCOOH were detected but their aggregate
yields were <1-2% C. Typical examples of con-
centration-time profiles of the products and con-
centration versus trans-2-butene consumption
plots of the products under NO,-free conditions
are given in Figs. 1 and 2 for 297 K, respectively.
In Fig.2 it can be seen that the yields of
3-bromobutan-2-one, acetaldehyde and acetyl-
bromide are all a linear function of the consump-
tion of trans-2-butene indicating that they are
direct oxidation products and are not subject to
further oxidation. In the case of HCHO, the plot
in Fig. 2 is curved and only shows partial linearity
at longer reaction times indicating that it is being
formed in secondary reactions.

The yields of the individual products are plotted
as a function of temperature in Fig. 3. Decreasing
the temperature causes the yield of 3-bromobutan-
2-one to slightly increase whereas the yields of
acetaldehyde, acetylbromide and HBr gradually
decrease and are virtually zero at 246 K. The yield
of 3-bromobutan-2-one increases from approxi-
mately 40% at room temperature up to 50% at
246 K (see Table 1). As can be seen in Table 1 the
yields of acetaldehyde and acetylbromide decrease
with decreasing temperature from 18% C and
3% C at 298 K down to ~0.9 and ~0.1 at 246 K,
respectively. Interestingly, within the experimental
error limits, the acetaldehyde/acetylbromide yield
ratio remains constant at 6.33+0.41 over the
whole temperature range. The possible reason for
this behaviour is discussed below. Over the entire
temperature range studied the total carbon bal-
ance (exculding the estimated contribution from
3-bromo-2-butylhydroperoxide, see below) varied
randomly within the range 56+ 8% indicating
that (a) major product(s) are still not accounted
for.

Fig. 4, trace (a), shows the products formed in
the reaction of Br atoms with trans-2-butene at
297K in a NO,-free system after 30 min irra-
diation. Absorptions belonging to the major
products 3-bromobutan-2-one, acetaldehyde and
acetylbromide are indicated, hydrogen bromide
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—N— trans-2-Butene

—O - Acetaldehyde

25 ¢ —a - Hydrobromic acid

--A- - 3-Bromobutan-2-one (x 5)
30 A Acetylbromide (x20)

- ¢ -Formaldehyde (x20)

Concentration [ppmV]

Reaction time [min]

Fig. 1. Concentration—time profiles of the products observed in the Br-atom initiated oxidation of trans-2-butene at

297 K in 1000 mbar of synthetic air.

25
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Fig. 2. Plot of the product concentrations observed in the Br+ trans-2-butene reaction at 297 K in 1000 mbar of
synthetic air as a function of the consumption of trans-2-butene.

has already been subtracted in order to show
more clearly the aldehydic C—H stretching vibra-
tions in the 3000-2600 cm ! region. Fig. 4, trace
(b), is the same spectrum after further subtraction
of 3-bromobutan-2-one, acetaldehyde and acetyl-
bromide. The residual infrared spectrum shows
strong absorptions at ~3597cm~! and in the
CH-stretching vibration region 3000-2600 cm ™!

along with numerous bands in the fingerprint
region. The strong band at 3597 cm ™" is indicative
of the presence of the —OH group. Formic and
acetic acids and methyl hydroperoxide are possible
products which could give rise to an —~OH absorp-
tion, however, tests for these compounds were
negative. 3-bromo-2-butylhydroperoxide (CH;—
CH,(OOH)—CH,Br—CH;) and 3-bromo-

Tellus 49B (1997), 5
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Fig. 3. Formation yields of the products measured in the Br-atom initiated oxidation of trans-2-butene in 1000 mbar

of synthetic air as a function of temperature.

2-butanol (CH;—CH,(OH)—CH,Br—CHj,) are
also possible oxidation products which are
expected to have strong —OH absorptions. As
will be discussed later in the text, the spectrum in
trace (b) is believed to be mainly due to 3-bromo-
2-butylhydroperoxide (CH; —CH,(OOH)—
CH,Br—CH,;) rather than 3-bromo-2-butanol
(CH; —CH,(OH)—CH,Br—CHj,). A search was
made for cis- and trans-2,3-epoxybutane which
could be formed by elimination of BrO from
3-bromo-2-butylperoxyl radicals or addition of
BrO radicals to the double bond under elimination
of Br. No evidence was found for formation of
cis- or trans-2,3-epoxybutane.

In the presence of NO,. Experiments in the
presence of NO were only performed at 297 K. In
the presence of NO the yields of 3-bromobutan-
2-one and acetaldehyde are both approximately a
factor of 2 higher than in the corresponding NO,-
free case. The yields given in Table 1 are those
calculated after 4 min irradiation when NO was
still present in considerable excess over NO,. In
these experiments the NO was rapidly oxidised
by the different peroxyl radicals produced in the
system within the first few minutes of the
photolysis forming NO, which was consequently
also quickly removed from the reaction system via
the formation of stable peroxy nitrates. After
approximately 8-10 min irradiation time the
system was virtually NO,~free and the subsequent
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chemistry was essentially the same as that of the
NO,-free experiments.

Obviously in the NO,-containing system OH
radicals can also be formed from reactions of NO
with HO, radicals formed during the oxidation
process:

HO,+NO—OH +NO, .

No indication was found for OH radical formation
in the NO,-free system, its formation would have
lead to the formation of 3-hydroxybutan-2-one
which was searched for but not found. The contri-
bution from OH radicals in the NO,-containing
system is probably <10%. There are a number
of factors which support this. The Br-atom concen-
tration in the system is known to be of the order
10° molecules cm ™3 under the present experi-
mental conditions and similarly the OH-radical
concentration is typically 2 x 107 molecules cm ™3
when NO,/alkene systems are irradiated. Since
the rate coefficients for the reaction of OH
and Br with trans-2-butene are 6.4x10”
and 9.3x10"*2cm® molecule™ s ! at 297K,
loss rates of trans-2-butene of 1.3x 1073 and
9.3x 1073 57! are expected for reaction with OH
and Br, respectively, i.e., a contribution of around
8% from OH radicals is calculated for the initial
phase of the photolysis. Further, as indicated
above the acetaldehyde/acetylbromide ratio for
the NO,-free systems has been observed to remain
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(a) Product spectrum of the Br-atom initiated degradation of
trans-2-butene in 1000 mbar air at 297 K after 30 min reaction time.
Absorptions from trans-2-butene and HBr have been subtracted.
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(c) Spectrum of 30 ppm 3-bromobutan-2-ol in 1000 mbar of synthetic air at 298 K.
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Fig. 4. Infrared spectra in the range 6504000 cm ! for
trans-2-butene/bromine/air photolysis systems at 298 K.
Trace (a) is the product spectrum recorded after 20 min
irradiation of NO -free system and trace (b) is the resid-
ual spectrum from (a) after subtraction of 3-bromobutan-
2-one and acetylbromide. Trace (c) is an infrared spec-
trum of 30ppm 3-bromobutan-2-ol recorded in
1000 mbar of synthetic air at 298 K.

constant at 6.33. In the presence of NO, the yield
of acetylbromide is virtually identical with that in
the NO,-free case whereas the yield of acetalde-
hyde is almost a factor of 2 higher. Making the
assumption that the additional acetaldehyde
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results from reaction of trans-2-butene with OH
radicals, i.e., approximately 20% C, and that each
reaction results in 2 molecules of acetaldehyde,
would give a contribution from OH radicals to
the trans-2-butene decay of approximately 10%.
This is an upper limit since the reaction of OH
radicals with trans-2-butene is known to result
in the formation of p-hydroxyalkoxyl radicals
which primarily decompose to give an alde-
hyde and shorter-chain a-hydroxyalkyl radicals
(CH;CHOH) which further react with O, also to
give an aldehyde (Atkinson, 1994, 1995). In the
case of trans-2-butene, because of its symmetry,
both aldehydes will be acetaldehyde.

In the room temperature experiment with NO,
peroxyacetylnitrate PAN has been observed to be
an additional product with an observed yield of
2% C. It is obviously formed via an H-atom
abstraction from acetaldehyde followed by sub-
sequent consecutive addition of O, and NO,. The
reaction of Br atoms with CH;CHO is an H-atom
abstraction reaction and is relatively fast (k=
3.7x 1072 cm® molecule ! s™! at 298 K; Niki
et al., 1985) and could account for the formation
of PAN.

CH,CHO +Br—-CH,CO + HBr
CH;CO +0,-CH,CO(0,)
CH;CO(0,)+NO,+M—-CH;CO(0,)NO,+M

However, as mentioned earlier in the presence of
NO, OH radicals will be formed in the system
and could also oxidise CH;CHO and contribute
to the formation of PAN.

Fig. 5 is the residual product spectrum obtained
from the Br-atom initiated oxidation of trans-
2-butene in the presence of 5 ppm NO at 297K
after 30 min irradiation and subtraction of the
products 3-bromobutan-2-one, acetylaldehyde,
acetylbromide, HBr and peroxyacetyl nitrate
(PAN). The residual spectrum shows the forma-
tion of the absorptions which in the NO,-free
system have been tentatively assigned to 3-bromo-
2-butylhydroperoxide. In the NO,-containing
system these bands appear after the NO, has been
exhausted in the system. Apart from absorptions
at 1660 and 791 cm~! which can be assigned to
BrNO, (Barnes et al, 1991) a number of sharp
absorptions are visible at 22995, 1843, 1662, 1306
and 849 cm 1. Absorptions from BrNO, BrONO,
and HOBr were searched for but could not be

Tellus 49B (1997), 5



OXIDATION OF TRANS-2-BUTENE

573

Product spectrum of the Br-atom initiated oxidation of trans-2-Butene at 298 K in 1000 mbar air
in the presence of S ppm NO. The spectrum was recorded after 30 min reaction time.
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Fig. 5. Residual infrared product spectrum obtained from a trans-2-butene/Br,/air photolysis system containing

initially 5 ppm NO and 0.2 pmm NO,.

detected. Absorptions at 1662, 1306 and 849 cm !
typical for alkyl nitrates (Roberts, 1990) and it is
probable that these bands can be assigned to
2-nitrooxy-3-bromobutane formed via the nitrate
forming channel in the reactions of the bromo-
butylperoxyl radicals with NO:

CH, — CH(Br)—CH(O,)—CH, + NO
—CH, —CH(Br)— CH(O)— CH, +NO,
—CH; —CH(Br)— CH(ONO,)—CH,_.

The yield of the nitrate can not be determined at
present due to the lack of authentic samples.
However, reactions of NO with secondary peroxyl
radicals such as are produced in the Br/trans-
2-butene reaction are known to produce nitrates
with yields between 4 and 14% (Atkinson, 1994).
The absorption at 1843 cm™! is in the carbonyl
stretching region, at present the identity of the
carbonyl compound giving rise to this absorption
is not known.

Formation of inorganic bromine containing com-
pounds. Hydrogen bromide is formed in substan-
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tial yields in the Br-initiated oxidation of trans-
2-butene at the higher temperatures. The yield of
HBr decreases from nearly 14% at room temper-
ature down to less than 1% at 268 K. At temper-
atures lower than 258 K formation of HBr was
not observable in the product infrared spectra. It
is difficult to tell from the concentration-time
profiles of HBr whether it is formed directly or in
secondary reactions. The most obvious source
would be H-atom abstraction reactions from acet-
aldehyde. The parallel decrease of the yields of
HBr and that of CH;CHO with decreasing tem-
perature would be in accord with this process
being a major source of HBr. However, the
abstraction reaction would produce corresponding
quantities of CO and CO, from further reactions
of the CH;CO radicals. The yields of both CO
and CO, are very low in the system which rules
out Br+CH;CHO as a major source of HBr in
the system. The observation of HCHO and the
shape of its concentration-time profile show that
some secondary oxidation of CH;CHO is occur-
ring in the system.
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Other possible sources of HBr are reaction of
Br with HO, radicals (Laverdet et al., 1990),
however, since the reaction mechanism produces
copious levels of HO, radicals even at low temper-
atures, a decrease with temperature would not be
expected unless rapid loss of HBr to the walls is
occurring with decreasing temperature. At pres-
ence the behaviour of HBr formation/loss in the
reaction system is highly uncertain.

3.2. Mechanistic interpretation of the results

Initial reaction steps. Tentative reaction path-
ways for the formation of the products observed
in the Br-atom initiated oxidation of trans-
2-butene with and without NO,, are given in
figures 6 and 7 respectively. The reaction of Br
atoms with trans-2-butene can proceed either via
addition to the carbon double bond or hydrogen
abstraction from one of the methyl groups. The
room temperature rate coefficient for the reaction
of Br atoms with n-butane at 298 K, where H-atom
abstraction is the only possible pathway, is
(7.0+2.2)x 1077 cm® molecule ! s™! (derived
from the Arrhenius parameters given by Seakins
et al.,, 1992) and is 5 orders of magnitudes lower
than the rate coefficient for reaction with
trans-2-butene at 300 K of (9.341.9) 10”2 cm3
molecule ™! s™' as measured by Bierbach et al.,
1996. From these kinetic data it is obvious that
over the temperature range of the present study
the abstraction pathway will be negligible. Croton
aldehyde, CH; —CH=CH—CHO, the expected
major product of the abstraction pathway was
searched for but no indication has been found for
its formation which supports the assertion.

The measurements clearly show that
3-bromobutan-2-one is the main degradation
product and that the presence of NO increases its
formation yield. As discussed above, addition of
Br atoms to trans-2-butene is essentially the only
reaction pathway under the present experimental
conditions.

Fate of 3-bromobutyl-2-peroxyl radicals. The sole
fate of the bromoalkyl radicals formed in the
addition of Br atoms to trans-2-butene is expected
to be reaction with O, to form f-bromoalkyl-
peroxyl radicals (3-bromobutyl-2-peroxy), react-
ions (1) and (2), respectively:

A. BIERBACH ET AL.

H,C—CH=CH—CH, +Br

—H,C—CH—CH(Br)—CH,, (1)
H,C—CH—CH(Br)—CH,+ 0,
—H,C—CHO,—CH(Br)—CH, . 2)

In the absence of NO the peroxyl radicals can
either undergo self reaction or reaction with other
peroxyl radicals in the system, most likely HO,
(Lightfoot et al, 1992; Wallington et al., 1992;
LACTOZ Report, 1995). There are two main
channels for the self reaction (3a and 3b):
2H;C—CHO,—CBr(H)—CH,
—-H;C—CH(OH)—CH(Br)—CH;
+H,;C—CO—CH(Br)—CH;+0O,

—2 H,C—CHO—CH(Br)—CH;+0, .

(3a)
(3b)

From studies on the reaction of HO, with other
alkylperoxyl radicals the reaction of the fS-
bromoalkylperoxyl radicals with HO, is expected
to result primarily in the formation of 3-bromo-
butyl-2 hydroperoxide, reaction (3c):

H;C—CHO,—CH(Br)—CH;+HO,
—-H;C—CH(OOH)—CH(Br)—CH;+ 0O, (3¢)
The other possible channel, reaction (3d),
H;C—CHO,—CH(Br)—CH;+HO,
—-H;C—CO—CH(Br)—CH;+H,0+0,,(3d)
would result in formation of 3-bromobutan-2-one.
In reaction (3a) 3-bromobutan-2-one can be
formed directly along with 3-bromobutan-2-ol.
In the alternative reaction channel (3b) pS-
bromobutoxyl radicals are formed which can react
further with O, to form 3-bromobutan-2-one and

HO, radicals (4a) or thermally decompose to form
acetaldehyde and acetylbromide (4b):

H;C—CHO—CH(Br)—CH;+0O,

—H,C—CO—CH(Br)—CH; +HO,, (4a)
H,C—CHO—CH(Br)—CH;+A+O0,
—H,C—CHO +CH,CBrO. (4b)

From the above mechanistic considerations,
under NO,-free conditions, 3-bromobutan-2-one,
3-bromobutan2-ol, acetylaldehyde, acetylbromide
and possibly 3-bromobutyl-2-hydroperoxide are
expected products. With the exception of 3-bromo-
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butan2-ol and 3-bromobutyl-2-hydroperoxide
these products have been positively identified in
the Br/trans-2-butene oxidation system. 3-bro-
mobutan-2-ol has been synthesised and its infrared
reference spectrum is shown in Fig. 4, trace (c).
The spectrum has many similarities with the resid-
ual product spectrum from the reaction system
shown in Fig. 4, trace (b), however, several of the
peaks are slightly offset, e.g. the peak of the —OH
group situated at 3597 cm ™! is offset from that of
the —OH group in the residual spectrum in Fig. 1,
trace (b) by 4 cm~!. This mismatch is presently
being taken as evidence that the compound giving
rise to the —OH absorption is probably not
3-bromobutan-2-ol or a mixture of 3-bromobutan-
2-ol/3-bromobutyl-2-hydroperoxide but rather is
due nearly entirely to  3-bromobutyl-
2-hydroperoxide since, to the best of our know-
ledge, all other possible candidates containing the
—OH entity which come into question have been
eliminated.

The yields of 3-bromobutyl-2-hydroperoxide
given in Table 1 have been estimated using an
infrared extinction coefficient of 1.39 x 104 ppm
V!m~! (base 10) for the absorption at
3600 cm~*. This is the extinction coefficient from
the gas-phase calibration of the structurally related
3-bromobutan-2-ol measured in this laboratory
and is also similar in value to the absorption
coefficients reported for simple alkyl hydroperox-
ides. Using this coefficient formation yields of
about 30 [%C] (Table 1 and Fig. 1) are obtained
for hydroperoxide formation.

The reason for the “non-formation” of the alco-
hol in the oxidation system is presently not clear.
There are a number of reasons which may explain
our failure to detect the compound in the reaction
system. The branching ratios for the radical and
carbonyl/alcohol channels in the self-reaction of
organic peroxyl radicals has not been established
for a wide range of peroxyl radicals (Lightfoot
et al, 1992; Wallington et al, 1992; LACTOZ
Report, 1995); however, in reaction studies with a
C—H bond in an a-position relative to the radical
centre, the carbonyl/alcohol channel is usually
quite substantial. In the study of Yarwood et al.
(1992) on the reactions of Cl and Br atoms with
ethene, for example, the fractional branching ratios
for the carbonyl/alcohol channel in the self reac-
tion of B-chloro- and S-bromoethylperoxyl rad-
icals have been estimated to be 0.43 in both cases
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which is not substantially different from that
reported for the analogous ethylperoxyl radical.
The study of Yarwood et al. suggests that the
presence of an halogen substituent adjacent to the
peroxyl radical does not adversely affect the per-
oxyl radical branching ratio, therefore, it is reason-
able to assume that the carbonyl/alcohol channel
will also be operative and significant in the present
case. Since in the present experiments we appear
to be generating high levels of HO, radicals which
result in high yields of f-bromobutyl hydroperox-
ide it may be that the yield of 3-bromobutan-2-ol
is below the detection limit of the experiments.
Ongoing work in this laboratory has shown that
Br-radical reaction or photolysis would only
have a very minor influence on the yield
of 3-bromobutan-2-ol if formed. If this is the
case, then based on the detection limit for
3-bromobutan-2-ol of ~ 500 ppbV, a limit can be
put on the branching ratio for the radical produ-
cing channel of ~2.8% C.

There is an alternative and more probable
explanation which may account for the observa-
tions. The reactions of Br atoms with peroxyl
radicals are reasonably fast. For example, the
reaction of Br atoms with HO, has a rate coeffi-
cient of 2.0 x 1072 cm® molecule ™! s™! at 298 K
and is thought to result exclusively in the forma-
tion of HBr and O, (Laverdet et al., 1990). An
upper limit of k<8.3 x 1071° cm® molecule ! s !
has been measured for the reaction of Br atoms
with CH;0, (Kondo and Benson, 1984) and fast
reactions have been inferred between bromome-
thylperoxyl (Orlando et al, 1996) and
2-bromoethylperoxyl and 2-bromo-1-methy-
Ipropylperoxyl radicals (Crowley and Moortgat,
1992) to explain experimental observations.
Similarly, the reaction of Cl atoms with CH;00
and C,H;O00 radicals are known to be fast
(~7x 107 cm® molecule ! s~'; DeMore et al.,
1994; Maricq et al., 1994). Two channels have
been reported for the Cl reactions with a branching
ratio of approximately «=0.5, e.g., for the ethyl-
peroxyl radical:

C,H,00 + Cl-C,H,0 +CIO,
C,H,00 +Cl-C,H,00 +HCI.

The second channel results in the formation of
a Criegee biradical the further reactions of which
are currently not well established. If such reaction
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pathways are also occurring in the Br-atom initi-
ated oxidation of trans-2-butene they could result
in significant deviations from the product distribu-
tions generally expected in such systems and would
probably result in a considerably reduced yield in
the 3-bromobutan-2-ol yield because of the com-
peting reaction sequence (the rate coefficients are
typical values for halogen-substituted peroxyl rad-
icals, Villenave and Lesclaux, 1995):

RO, + RO, —»products (RO, ROH, R'CO)

(k ®4.x 10712 cm® molecule ™! s71)
RO,+HO,—»ROOH + 0O,

(k ~#6x 107" cm® molecule ! s71)
RO,+Br—-BrO+RO

(k =#2x 107 cm3 molecule ™! s71)
RO +0,—R'CO+HO,

(k ~6.x 107" cm® molecule ! s71)
HO,+ Br>HBr+0,

(k ®2x107*2 cm® molecule "' s71)

In the present experiments, the Br-atom levels
were typically 10° molecules cm ~3. Simulations of
the reaction system using the this Br-atom level
and the above reaction sequence show that the
fate of the 3-bromo-2-butylperoxyl radicals in
NO, free systems is critically dependent on the
levels of HO,, RO, and Br atoms in the system.
Fate of 3-bromo-2-butoxy radicals. As discussed
above the f-bromobutoxy radicals can react with
molecular oxygen or thermally decompose. The
product analysis (Table 1) shows quite emphatic-
ally that reaction with O, forming 3-bromobutan-
2-one is the dominant channel. The thermal
decomposition channel leads to the formation of
acetaldehyde and acetylbromide the yields of
which decrease, in a constant ratio (6.33), with
decreasing temperature from 18% C and 3% C
at 298 K down to 09 and ~0.1 at 246 K,
respectively. Assuming that 3-bromobutan2-one,
3-bromobutyl-2-hydroperoxide, acetaldehyde and
acetylbromide account, within the experimental
error limits, for all the products the results in
Table 1 support that the branching ratio of the
3-bromobutan-2-one forming channel in the reac-
tion of the f-bromobutoxyl radicals accounts for
approximately 60% of the reaction at 298 K and
increases gradually to near unity at 246 K.
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Acetaldehyde is formed directly in the thermal
decomposition channel. Formation of acetylbrom-
ide can only result from further reactions of the
bromoethyl radical, CH;CH(Br), radical the
major initial fate of which will be addition of O,
to form 1-bromoethylperoxyl radicals, reaction
(5a):

CH, —CH(Br) + O, »CH;CHBr(0,)

As discussed above for 3-bromobutyl-2-peroxyl
radicals a number of reaction channels are possible
for the 1-bromoethylperoxyl radicals ((5b) to (5h))
and also the CH;CHBr(O) radical product from
these reactions ((6a) to (6d)):

Possible peroxyl radical reactions
2CH,CHBr(0,)—»CH;CHBr(O)

+CH,CHBr(0)+0, (5b)
—CH,CHO + CH,CHBrOH
+0, (5¢)
CH,CHBr(0,)+ HO, »CH,CHB(O,H)+ O,
(5d)
—CH,CBrO+H,0 +0,
(Se)
—CH,CHO +HOBr +0,
(5)
CH,CHBr(O,) + Br—CH,CHBr(0)+BrO  (5g)
CH,CHB(O,)+ M—>CH,CHO + BrO + M
(5h)

Possible reactions of the CH3;CHBr(0) radical

Reaction with O,

CH, —CHBr(0) + 0, »CH,CBrO + HO, + M

(6a)
Br atom/CHj group/HBr elimination
CH; —CHBr(O)+ M—-CH;CHO+Br+M (6b)
CH; —CHBr(O)+M—>CH;CO+HBr+M (6¢)
CH; —CHBr(0)+0,+M
-HCBrO+CH;00+M (6d)

Because of the high level of Br atoms in the
reaction system it is thought that the dominant
fate of the 1-bromoethylperoxyl radical will be
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reaction with Br atoms to form 1-bromoethoxy
radicals, CH;CHBr(O), although a contribution
from the formation of 1-bromoethyl-
1-hyroperoxide @ can not be  excluded.
1-bromoethanol which can be formed in the self
reaction of 1-bromoethyl-1-peroxyl radicals is not
expected to be stable and, if formed, will probably
decompose to acetaldehyde and HBr.

The further reactions of the 1-bromoethoxy
radical include reaction with O,, HBr elimination,
Br-atom elimination and possibly CHj-group
elimination. Reaction with O, will produce acetyl-
bromide which is observed in the system. The
elimination of HCI has recently been observed to
be the dominant atmospheric fate of
1-chloroethoxy radicals, CH; —CHCI(O) (Kaiser
and Wallington, 1995; Shi et al., 1993; Wallington
et al, 1995). However, HBr elimination would
give CH3;CO radicals the further reactions of
which would eventually yield products such as
CO, CO,, HCHO and CH;OH. Since the yields
of these compounds are very minor this channel
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is probably of negligible importance for
CH;CHBr(O) radicals. On similar grounds the
elimination of CHj, radicals is also unlikely, also
the other expected product of this reaction, formyl-
bromide was not observed. Bromine-atom elim-
ination has recently been shown to be the
dominant fate of bromomethoxy radicals under
atmospheric conditions (Chen et al., 1995, 1996,
Orlando et al., 1995, 1996) accounting for over
80% of the reaction, the other channel being
reaction with molecular oxygen.

As shown in Fig. 8 the acetaldehyde/acetyl-
bromide product yield ratio remains constant at
6.33 over the whole temperature range investi-
gated. At present the only plausible explanation
which we can think of for this behaviour is that
Br-atom elimination must be an important path-
way for the 1-bromoethoxy radical. However, in
order that the branching remains relatively con-
stant over the temperature range investigated
requires that the reactions of the CH;CHBr(O)
radical, i.e., reaction with O, and Br-elimination,

H,C H HS(,: T +0, H,C H
7 f
/C_C + Br . T“C—Br . 02..$.._.<|:_Br
H CH.
3 H CH, H CH,
BrO HO, 2x RO, | (radical channel) 2 x RO, | (stable product channel )
3-Bromobutan-2-one
HsC CH3 HiC 1‘1 HC H HC H
u—C—C—n HOO—C—(|3—Br «0—C—C—Br |HO—C—C—Br|+
H CH, H CH, H CH,

2,3-Epoxybutane
(not formed)

2-Hydroperoxy-3-bromobutane
(identification based on IR spectrum)

3-Bromobutan-2-ol
(not observed)

thermal decomposition

+ HO,
CH,
N Br Br
0‘? + HC-C+ —— —— HC-C-0-
H H H
Acetaldehyde Br-elimination

Fig. 6. Tentative mechanism for the Br-atom initiated oxidation of trans-2-butene in synthetic air in the absence

of NO,.
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H3C\ /H HiC H o H3? }|-1
2
C—_cC + Br—— Br—C—C- Br—C—C—0;.
b om ] |
y H CH}
+NO
.N02 J _N02 + NOZ
HiC H Hsfl—‘ H Hg? H i
Br—(l',‘—-—(|j—0. Br—C—(ll—ONOZ Br—C-—(iZ—OzNO2
|
IL CH; H CH; CH,
Bromobutylnitrate Bromobutylperoxynitrate
0, HO,
Decomposition
HC CH CH CH CH
Br-c—c?° . [ [0 o, |
N o=C + 0=C 0=cC =—=| 0=C
s l | | -NO |
H 2
H Br 02 ¢ 02N 02
3-Bromobutan-2-one Acetaldehyde  Acetylbromide Peroxyacetylnitrate
Br —= HBr P.AN.
+ OZ

Fig. 7. Tentative mechanism for the Br-atom initiated oxidation of trans-2-butene in synthetic air in the presence
of NO,.

20
AN

— slope = 6.33 + 0.41 298 K
Q 15+
N
=
=
P
4 10 T
=
>
=
[}
=
<
2 5+
(]
< 246 K

0 } 1 ! S S |

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Acetylbromide-Yield [ % C]

Fig. 8. Plot of the yields of acetaldehyde aganist the yields of acetylbromide obtained in the Br-atom initiated
oxidation of trans-2-butene in 1000 mbar of synthetic air at various temperatures.
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have very similar temperature dependencies or
that the changes with temperature are small and
do not adversely affect the branching ratio. From
the kinetic data available for the reactions of
alkoxy radicals with O, (Atkinson et al., 1992) it
is to be expected that in the case of the secondary
3-bromo-2-butoxy radical that the temperature
dependence of the O, reaction will be relatively
small (0.5-2 kcal/mol) over the temperature range
investigated. However, from thermodynamical
considerations performed by Orlando et al. (1996)
activation energies of the order of 9-12 kcal/mol
can be expected for the thermal decomposition of
brominated alkoxy radicals which would result in
a significant change in the rate over the temper-
ature range of the present study. Obviously more
work is still required to elucidate the mechanism
resulting in the disproportion between the acetal-
dehyde and acetylbromide product yields in the
Br/trans-2-butene reaction observed in the pre-
sent study.

If we assume that losses of acetaldehyde and
acetylbromide in the reaction system are negligible
and that reaction with O, and Br-atom elimina-
tion are the only significant channels for the
1-bromoethoxy radical then the acetaldehyde/
acetylbromide product yield ratio can be used to
estimate a branching ratio for the CH,CHBr(O)
reaction channels. The results support that
Br-elimination will account for approximately
73% of the fate of CH;CHBr(O) radicals at atmo-
spheric pressure and that the branching ratio is
independent of temperature. This value is similar
to that reported for bromomethoxy radicals where
the Br-atom elimination channel accounts for over
80% of the reaction (Chen et al., 1995, 1996).
Using a value of 6x 107 ¥ cm® molecule™* s7!
(recommended value for O,+ CH,BrO; DeMore
et al, 1994) for the reaction of O, with
CH,;CHBr(O) in combination with the branching
ratio for the reactions of CH;CHBr(O) one can
write for atmospheric pressure and 298 K:

kBr-elimination

kBr-elimination + koz [02]

kBr limination

" Kpciomination+ 6 X 10~ [4.9x 1087

0.73

From this expression, a value of

— 51
kBr-elimination_ 8.0x10° s
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can be estimated for the rate of elimination of the
Br atom. The rate for the Br-atom elimination for
CH;CHBr(O) is similar in magnitude to that
estimated for CH,BrO and CHBr,O radicals
(Orlando et al., 1995, 1996).

Product branching ratios under atmospheric
conditions. The yield of 3-bromobutan-2-one in
the presence of NO has been determined to be
approximately 64% C at 298 K. However as dis-
cussed above about 10% of the decay of trans-
2-butene can be attributed to reaction with OH
radicals which will not result in the formation of
3-bromobutan-2-one. Taking this into conside-
ration along with the yield of 3-bromo-
butyl-2-hydroperoxide (which stops the further
oxidation) results in a value of ~76% for the
3-bromobutan-2-one producing channel from the
3-bromo-2-butoxy radicals in the Br/trans-
2-butene reaction. Similarly, from the results
obtained under NO, free systems values ranging
from ~78% at 298 K down to nearly 100% at
246 K can be estimated for the 3-bromobutan-
2-one producing channel.

4. Conclusions

Reactions of Br atoms with alkenes involve
addition of Br atoms to the double bond. The
work presented here on trans-2-butene and also
work on other alkenes in this laboratory shows
that the major fate of the Br-alkene adduct is
formation of brominated carbonyls which retain
the original chain length. In the case of trans-
2-butene and also the other alkenes the yields of
these carbonyls will be of the order of 70-80%
under atmospheric conditions at 298 K when reac-
tion with NO determines the fate of the RO,
radicals. The other products will be bond cleavage
products, aldehyde and brominated carbonyls.
The results from trans-2-butene indicate that there
will be disproportion between the yields of alde-
hydes and brominated aldehydes which lies heav-
ily on the side of the aldehydes. At present the
most feasible explanation for the phenomena is
that Br-elimination occurs during the further
oxidation of the p-bromoalkyl radicals formed in
the bond cleavage step.

It has been shown for trans-2-butene that the
yields of the bond cleavage products quickly
approaches zero with decreasing temperature and



580

that the dominant product is the brominated
carbonyl, 3-bromo-2-butanone. This pattern is to
be expected for other alkenes in the atmosphere.
Under conditions of low temperature and when
sufficient levels of NO, are present, brominated
carbonyl compounds are probably the sole prod-
ucts from Br/alkene reactions. However, in situ-
ations where the levels of NO, are extremely low
as in the Arctic, formation of brominated alcohols
and thermally stable brominated hydroperoxides
may also occur. The fate of the hydroperoxides is
presently uncertain, photolysis and reaction with
OH radicals are the normal fates of hydroperox-
ides in the atmosphere.

Preliminary studies indicate that the photolytic
lifetime of 3-bromo-2-butanone will be only of the
order of a few hours and that bromine atoms are
released during the photolysis. This may be the
case for other fB-brominated aldehydes/ketones
formed in Br/alkene interactions, however, this
needs to be established by investigations on other
compounds.

A. BIERBACH ET AL.

In summary, in the first instance the reaction of
Br atoms with unsaturated hydrocarbons will act
as a sink for bromine at both mid and high
latitudes principally through the formation of
brominated carbonyls. There is some evidence
that in some cases the brominate carbonyl will be
photolabile and re-release the bromine within a
time scale of hours; however, this effect will be
greatest at mid-latitudes where the light intensity
is highest. For a full evaluation of the role that
Br/alkene interactions may play in the atmo-
sphere, in addition to the gas phase reactions
presented here, heterogeneous reactions on ice or
aerosol surfaces need to be considered since these
may have a different influence on the fate of
bromine than that observed in the gas phase
reactions.

5. Acknowledgements

Financial support by the State NRW, BMBF
and the EC is gratefully acknowledged.

REFERENCES

Abbatt, J. P. D. 1994. Heterogeneous reaction of HOBr
with HBr and HCI on ice surfaces at 228 K. Geophys.
Res. Lett. 21, 665-668.

Albritton, D. L. and Watson, R. T. 1993. Methyl bromide
and the ozone layer: A summary of current under-
standing. In: Methyl bromide: its atmospheric science,
technology and economics. Montreal Protocol Assess-
ment Supplement, (ed. R. T. Watson, D. L. Albritton,
S. O. Anderson, and S. Lee-Bapty) UNEP, Nairobi,
Kenya, 3-18.

Asplund, G. and Grimvall, A. 1991. Organohalogens in
nature. Environ. Sci. Technol. 25, 1346--1350.

Atkinson, R. 1994. Gas-phase tropospheric chemistry of
organic compounds. J. Phys. Chem. Ref. Data, Mono-
graph 2, 1-216.

Atkinson, R. 1995. Gas phase tropospheric chemistry of
organic compounds. In: Issues in environmental science
and technology 4. Volatile organic compounds in the
atmosphere, (ed. R. E. Hester and R. M. Harrison) The
Royal Society of Chemistry, London, UK, 65-89.

Atkinson, R., Baulch, D. L., Cox, R. A, Hampson, Jr.,
R. F, Kerr, J. A. and Troe, J. 1992. Evaluated kinetic
and photochemical data for atmospheric chemistry,
supplement IV. J. Phys. Chem. Ref.Data 21,
1125-1568.

Barnes, 1., Bastian, V., Becker, K. H., Overath, R. and
Tong, Z. 1989. Rate constants for the reactions of Br
atoms with a series of alkanes, alkenes, and alkynes
in the presence of O,. Int. J. Chem. Kinet. 21, 499-517.

Barnes, I. Becker, K. H. and Starcke, J. 1991. Fourier-
transform IR spectroscopic observation of gaseous
nitrosyl iodine, nitryl iodine, and iodine nitrate.
J. Phys. Chem. 95, 9736-9740.

Barrie, L. A., Bottenheim, J. W., Schnell, R. C., Crutzen,
P. J. and Rasmussen R. A. 1988. Ozone destruction
and photochemical reactions at polar sunrise in the
lower arctic atmosphere. Nature 334, 138—141.

Barrie, L. A., Den Hartog, G., Bottenheim, J. W. and
Landsberger, S. 1989. Anthropogenic aerosols and
gases in the lower troposphere at Alert Canada in
April 1986. J. Atmos. Chem. 9, 101-127.

Barrie, L. A., Staebler, R., Toom, D., Georgi, B., den
Hartog, G., Landsberger, S. and Wu, D. 1994a. Arctic
aerosol size-segregated chemical observations in rela-
tion to ozone depletion during polar sunrise experi-
ment 1992. J. Geophys. Res. 99, 25439-25451.

Barrie, L. A, Li, S. M., Toom, D., Landsberger, S. and
Sturges, W. T. 1994b. Lower tropospheric measure-
ments of halogens, nitrates, and sulphur oxides during
polar sunrise experiment 1992. J. Geophys. Res. 99,
25453-25467.

Becker, K. H., Barnes, I, Bastian, V. and Zabel, F. 1990.
Reaktionskinetisches Verhalten von Organohalogen-
verbindungen unter troposphirischen Bedingungen.
Abschlupfbericht des Forschungsvorhabens 104 02 720.
Umweltbundesamt, FRG.

Berg, W. W., Heidt, L. E., Pollock, W., Sperry, P. D. and
Cicerone, R. J. 1984. Brominated organic species in
the arctic atmosphere. Geophys. Res. Lett. 11, 429432,

Tellus 49B (1997), S



OXIDATION OF TRANS-2-BUTENE

Bierbach, A., Barnes, 1. and Becker, K. H. 1996. Rate
coefficients for the gas-phase reactions of bromine rad-
icals with series of alkenes, dienes and aromatic hydro-
carbons at 298+ 2 K. Int. J. Chem. Kinet. 28, 565-577.

Bottenheim, J. W., Barrie, L. A., Atlas, E. Heidt, L. E.,
Niki, H., Rasmussen, R. A., Chen, J.,, Catoire, V. and
Niki, H. 1995. Mechanistic study of the BrCH,O rad-
ical reaction in 700 Torr air. Chem. Phys. Lett. 245,
519-528.

Chen, J., Young, V., Catoire, V. and Niki, H. 1996. FTIR
Spectroscopic studies of the mechanisms of the hal-
ogen atom initiated oxidation of haloacetaldehydes.
J. Phys. Chem. 100, 6580-6586.

Cicerone, R. J., Heidt, L. E. and Pollock, W. H. 1988.
Measurements of atmospheric methyl-bromide and
bromoform. J. Geophys. Res. 93, 3745-3749.

Crowley, J. N. and Moortgat, G. K. 1992. 2-bro-
moethylperoxy and 2-bromo-1-methyl-propylperoxy
radicals: Ultraviolet absorption spectra and self-
reaction rate constants at 298 K. J. Chem. Soc. Faraday
Trans. 88, 2437-2444.

DeMore, W. B, Sander, S. P., Golden, D. M., Hampson,
R. F., Kurylo, M. J, Howard, C. J., Ravishankara,
A. R, Kolb, C. E. and Molina, M. J. 1994. Chemical
kinetics and photochemical data for use in stratospheric
modeling. JPL Publication 94-26, Jet Propulsion
Laboratory, Pasadena, California.

Fabian, P., Borchers, R. and Kourtidis 1994. Bromine-
containing source gases during EASOE. Geophys. Res.
Lett. 21, 1219-1222.

Fan, S. M. and Jacob, D. J. 1992. Surface ozone depletion
in arctic spring sustained by bromine reactions on
aerosols. Nature 343, 522-524.

Gribble, G. W. 1994a. Natural organohalogens — many
more than you think! J. Chem. Education 71, 907-911.

Gribble, G. W. 1994b. The natural production of chlorin-
ated compounds. Environ. Sci. Technol. 28, 310
A-317 A,

Hanson, D. R. and Ravishankara, A. R. 1992. Hetero-
genious chemistry of HBr and HF. J. Phys. Chem.
96, 9441-9446.

Hausmann, M. and Platt, U. 1994. Spectroscopic meas-
urement of bromine oxide and ozone in the arctic
during polar sunrise experiment 1992. J. Geophys. Res.
99, 25399-25413.

Hoekstra, E. J. and De Leer, E. W. B. 1995. Organohalo-
gens: the natural alternatives. Chemistry in Britain
127-131.

Hov, O., Penkett, S. A, Isaksen, I. S. A. and Semb, A.
1984. Organic gases in the norwegian Acrtic. Geophys.
Res. Lett. 11, 425-428.

Igbal, S. M. and Owen, L. N. 1960. Dithiols. Part XXI.
Dithiols from cyclic trithiocarbonates. J. Chem. Soc.,
1030-1036.

Jobson, B. T., Niki, H., Yokouchi, Y., Bottenheim, J. W.,
Hopper, F. and Leaitch, R. 1994, Measurements of
C,—C¢ hydrocarbons during the polar sunrise 1992
experiment: Evidence for Cl atom and Br atom chem-
istry. J. Geophys. Res. 99, 25355-25368.

Tellus 49B (1997), 5

581

Kaiser, E. W. and Wallington, T. J. 1995. CH;CO reac-
tions with Cl, and O,: more evidence for HCI elimina-
tion from the CH;CHCIO radical. J. Phys. Chem. 99,
8669-8672.

Khalil, M. A. K., Rasmussen, R. A. and Gunawardena,
R. 1993. Atmospheric methyl bromide: Trends and
global mass balance. Geophys. Res. Lett. 98,
2887-2896.

Kondo, O. and Bensen, S. W. 1984. Kinetics and equilib-
ria in the system Br+ CH;OO0H =HBr+CH;00. An
upper limit for the heat of formation of the methylper-
oxy radical. J. Phys. Chem. 88, 6675-6680.

Laverdet, G., Le Bras, G., Mellouki, A. and Poulet, G.
1990. The BrO+HO, reaction revisited: absolute
determination of the rate constant at 298 K. Chem.
Phys. Lett. 172, 430—434.

Leaitch W. R., Barrie, L. A., Bottenheim, J. W, Li, S.
M., Shepson, P. B., Muthuramu, K. and Yokouchi, Y.
1994. Airborne observations related to ozone deple-
tion at polar sunrise. J. Geophys. Res. 99, 25499-25517.

Li, S. M., Yokouchi, Y., Barrie, L. A., Muthuramu, K.,
Shepson, P. B, Bottenheim, J. W., Sturges, W. T. and
Landsberger, S. 1994. Organic and inorganic bromine
compounds and their composition in the artic tropo-
sphere during polar sunrise. J. Geophys. Res. 99,
25415-25428.

Lightfoot, P. D,, Cox, R. A, Crowley, J. N., Destriau,
M., Hayman, G. D,, Jenkin, M. E., Moortgat, G. K.
and Zabel, F. 1992. Organic peroxy radicals: kinetics,
spectroscopy and tropospheric chemistry. Atmospheric
Environ. 26A, 1805-1964.

Lobert, J. M., Butler, J. H., Montzka, S. A, Geller, L. S.,
Myers, R. C. and Elkins, J. W. 1995. A net sink for
atmospheric CH;Br in the East Pacific Ocean. Science
276, 1002-1005.

Mand, S. and Andreae, M. O. 1994. Emission of methyl
bromide from biomass burning. In: Physicochemical
behaviour of atmospheric pollutants (eds. G. Angeletti
and G. Restelli). Report EUR 15609/1 EN, 431-434.

Maricq, M. M., Szente, J. J.,, Kaiser, E. W. and Shi,
J. 1994. Reactions of chlorine atoms with methylper-
oxy and ethylperoxy radicals. J. Phys. Chem. 98,
2083-2089.

McCulloch, A. 1992. Global production and emissions
of bromochlorodifluoromethane and bromotrifluor-
omethane (Halons 1211 and 1301). Atmos. Environ.
26A, 1325-1329.

McConnell, J. C., Henderson, G. S., Barrie, L. A,
Bottenheim, J. W., Niki, H., Langford, C. H. and
Templeton, E. M. J. 1992. Photochemical bromine
production implicated in arctic boundary-layer ozone
depletion. Nature 355, 150-152.

Mickle, R. E., Bottenheim, J. W., Leaitch, W. R. and
Evans, W. F. J. 1989. Boundary layer ozone depletion
during AGASP-II. Atmos. Environ. 23, 2443-2449.

Niki, H., Maker, P. D., Savage, C. M. and Breitenbach,
L. P. 1985, An FTIR spectroscopic study of
the reactions Br+CH;CHO-HBr+CH,;CO and



582

CH,C(0)00 +NO,=CH;C(O)OONO, (PAN). Int.
J. Chem. Kinet. 17, 525-534.

Oltmans, S. J. Schnell, R. C,, Sheridan, P, J., Peterson,
R. E, Li, S. M., Winchester, J. W., Tans, P. P., Sturges,
W. T., Kahl, J. D. and Barrie, L. A. 1989. Seasonal
surface ozone filterable bromine relationship in the
high arctic. Atmos. Environ. 23, 2431-2441.

Orlando, J. J., Tyndall, G. S. and Wallington, T. J. 1996.
Atmospheric oxidation of CH;Br: chemistry of the
CH,BrO radical. J. Phys. Chem. 100, 7026—7033.

Orlando, J. J., Tyndall, G. S., Wallington, T. J. and Dill,
M. 1995. Atmospheric chemistry of CH,Br,: rate
coefficients for its reaction with Cl atoms and OH and
the chemistry of the CHBr,O radical. Int. J. Chem.
Kinetics 28, 433-442.

Penkett, S. A, Jones, B. M. R, Rycroft, M. J. and Sim-
mons, D. A. 1985. An interhemispheric comparison of
the concentrations of bromine compounds in the
atmosphere. Nature 318, 550-553.

Platt, U. and Janssen, C. 1995. Observation and role of
the free radicals NO;, ClO, BrO and IO in the tropo-
sphere. Faraday Discuss. 100, 175-198.

Rasmussen, R. A. and Khalil, M. A. K. 1984. Gaseous
bromine in the arctic and arctic haze. Geophys. Res.
Lett. 11, 433-436.

Reeves, C. E. and Penkett, S. A. 1993. An estimate of the
anthropogenic contribution to atmospheric methyl
bromide. Geophys. Res. Lett. 20, 1563-1566.

Roberts, J. M. 1990. Review article: the atmospheric
chemistry of organic nitrates. Atmos. Environ. 24,
243-287.

Seakins, P. W, Pilling, M., Niiranen, J. T., Gutman, D.
and Krasnoperov, L. N. 1992. Kinetics and thermo-
chemistry of R + HBr=RH + Br reactions. Determina-
tions of the heat of formation of C,Hj,, i-C;H,, sec-
C,H,, and t-C,Hy. J. Phys. Chem. 96, 9847-9855.

Shepson, P. B. 1990. Depletion of lower tropospheric
ozone during arctic spring: The polar sunrise experi-
ment 1988. J. Geophys. Res. 95, 18555-18568.

A. BIERBACH ET AL.

Shi, J., Wallington, T. J. and Kaiser, E. W. 1993. FTIR
product study of the Cl-initiated oxidation of C,HsCl:
reactions of the alkoxy radical CH;CHCIO. J. Phys.
Chem. 97, 6184-6192.

Singh, H. B. and Kanakidou, M. 1993. An investigation
of the atmospheric sources and sinks of methylbrom-
ide. Geophys. Res. Lett. 20, 133-136.

Solberg, S., Hermansen, O, Joranger, E., Schmidtbauer,
N., Stordal, F. and Hov, O. 1994. NILU Report OR
27/94. ISBN 82-425-0575-6.

Tokarczyk, R. and Moore, R. M. 1994. Production of
volatile organohalogens by phytoplankton cultures.
Geophys. Res. Lett. 21, 285-288.

Villenave, E. and Lesclaux, R. 1995. The UV absorption
spectra of CH,Br and CH,BrO, and the reaction kin-
etics of CH,BrO, with itself and with HO, at 298 K.
Chem. Phys. Letters 236, 376-384.

Wallington, T. J., Dagaut and Kurylo, M. J. 1992. Ultra-
violet absorption cross sections and reaction kinetics
and mechanisms for peroxy radicals in the gas phase.
Chem. Rev. 92, 667-710.

Wallington, T. J., Orlando, J. J. and Tyndall, G. S. 1995.
Atmospheric chemistry of chloroalkanes: Intramolecu-
lar elimination of HCI from chloromethoxy radicals
over the temperature range 264336 K. J. Phys. Chem.
99, 9437-9442.

Wallington, T. J., Skewes, L., Siegl, W. O. and Japar, S.
M. 1989. A relative rate study of the reaction of brom-
ine atoms with a variety of organic compounds at 295
K. Int. J. Chem. Kinet. 21, 1069-1076.

Yarwood, G., Peng, N. and Niki, H. 1992. FTIR spectro-
scopic study of the Cl- and Br-atom initiated oxidation
of ethene. Int. J. Chem. Kinet. 24, 369-383.

Yokouchi, Y., Akimoto, H., Barrie, L. A., Bottenheim,
J. W., Anlauf, K. and Jobson, B. T. 1994. Serial gas
chromatographic/mass spectromentric measurements
of some volatile organic compounds in the arctic
atmosphere during the 1992 polar sunrise experiment.
J. Geophys. Res. 99, 25379-25389.

Tellus 49B (1997), 5



