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A computational study of the oxidation of GBI, and CHBEg initiated via both UV photolysis and abstraction

of an H atom by OH/CI radicals has been performed. We have calculated the energetics associated with the
addition of Q to the substituted bromomethyl radicals and the subsequent addition of NO to the peroxy
radicals to form energized peroxy nitrite molecules. The peroxy nitrite molecules are predicted to dissociate
rapidly to form alkoxy radicals (CHBrO and CHB3O) and NQ, and the kinetics of these reactions have
been determined using Rie®RamspergerKasset-Marcus/master equation calculations. We additionally find

that the reaction of the peroxy radicals with Hi@ay directly lead to significant production of alkoxy radicals,

a pathway that is unimportant in nonbrominated analogues. We predict that the alkoxy radicals will dissociate
rapidly via C-Br bond cleavage. The atmospheric implications of these results will be discussed.

Introduction radicals

In the present study, we consider the tropospheric oxidation CH,Br + O, — CH,Bro,
pathways of methyl bromide (GBr), dibromomethane (CiBr,),
and bromoform (CHRBJ). The oxidation of each species closely CHBr, + O, — CHBr,0,

resembles the standard tropospheric oxidation mechanism for
saturated hydrocarbons. Initiation of the oxidation proceeds via
either abstraction of hydrogen atom by OH/CI or via photolytic
cleavage of a carberbromine bond

CBr, + 0, — CBr,0, )

In the presence of NO, the haloalkyl peroxy radicals form
energized peroxy nitrite molecules, which may either undergo
collisional stabilization to form stable peroxy nitrite molecules

RH + OH/Cl— R + H,0/HC (1a) or dissociation to form haloalkoxy radicals and NO
RBrl R+ (1b) CH,BrO, + NO — CH,BrOONO*  SHEBro” T O,
Lbro, — LHbr M

The OH/Cl-initiated oxidation of bromoform was the subject CH,BrOONO
of a previous computational study by some of the authairsg — CHBI.O* + NO.
the present study represents an extension of the earlier work tocHgr. 0. + NO — CHBr.OONO* ™ 2 2
encompass the remainder of the brominated methane series. We 2 2 2 — CHBr,OONO
focus on the fate of the radicals formed in parts a and b of eq
1 under atmospheric conditions. As shown in Figure 1, a — CBr;O* + NO,
computational study of the oxidation of CBICHBr,, and CBr;0, + NO — CBr;OONO* M CBr.OONO
CH,Br provides information on all of the important oxidation 3 (3)
pathways for the entire brominated methane series with the
exception of reactions initiated by photolysis of €84 to form Although the energized nitrite molecules can isomerize to the

methyl radicals and free Br atoms. The oxidation of methyl more favorable nitrate isomers, there is no experimental or

radicals is well understood in both the atmospheric and theoretical evidence for this channel. The resulting haloalkoxy

combustion chemistry literatufeand its study was omitted from  radicals are highly activated and, as discussed below, can

the present work. undergo decomposition along the—8r bond to form an
The oxidation mechanisms of the radical species shown in aldehydic species and free Br atoms

Figure 1 are similar. In the troposphere, the substituted methyl

ragicals initially react with ambipentZ)o form haloalkyl peroxy g CH,Bro* — CH,O + Br

CHBr,O* — CHBrO + Br
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CBr, CHBr, CH,Br, CH,Br TABLE 1: Total Energies (Hartrees) and Zero-Point
,N\‘ ,/owa h& ’/OWCI ,N\ /oH/cl Energies for Species Involved in the Oxidation of CHBg?
CBr, CHBr, CH,Br species CCSD(T)/cc-pVTZ ZPE

102 loz loz CHBr,O (A —5259.088060 0.019 380
CHBRLO* (A" —5259.091063 0.018 574
CBr,0, CHEr,0, CH,BrO, CHBrO —2686.458055 0.018 697
l NO l NO l NO CHBr, (PA") —5183.969055 0.015 511
CHBI,0, —5334.146564 0.024 361
l l l CHBr,OOH —5334.799958 0.036 149
CBr,0 CHBO CH,0 CHBr,OONO —5463.905387 0.031 391

+Br +Br +Br O (P) —74.973962 N/A

Br (°P) —2572.661119 N/A
Iz Iz HO, (PA) ~150.712007 0.014 613
0 (%) —150.128898 0.003 328
Co+ HCO OH (1) —75.637567 0.008 607
3Br +2Br NO (2IT) —129.716038 0.008 036
Figure 1. Schematic diagram of initiation pathways in the tropospheric NO» —204.800012 0.010 733

oxidation of the brominated methane series. . . . .
a Geometries and zero-point corrections were obtained at the MP2/

might also be expected to react with oxygen 6-311+G* level.

CH.BrO + O, — CHBrO + HO. separated product energies. IRC calculations were also run in
2 2 2 the reverse direction to confirm that the transition states
CHBr,0 + O, — CBr,O + HO, (5) connected to the stable GBrO and CHBpO radicals.

To check the reliability of the CCSD(T)/cc-pVTZ/IMP2/
in competition with decomposition. In addition, other reactions 6-311g* method for bromine reactions, we have compared

of the haloalkyl peroxy radicals may be important in low NO ~ calculated results with well-known experimental heats of
environments, including reaction with HO formatiort! and higher-level theori? These reactions are

In the present work, we have determined the energetics for

the processes shown in egs4£2 using ab initio techniques. We CHBrO—~HCO + Br ©6)
have subsequently performed RideamspergerKasset-Mar- CHBr— CH + Br 7
cus/master equation (RRKM/ME) calculations using the

calculated geometries, frequencies, and energies to assess the CBr,— CBr+ Br (8)

relative importance of each of these pathways under ambient
conditions in the upper and lower troposphere. On the basis of We find that the heat of reactions for each is 67.3, 78.0, and
these results, the atmospheric implications of the dominant 63.0 kcal/mol for reactions 68, respectively, using the

mechanistic pathways are discussed. CCSD(T)/cc-pVTZ/IMP2/6-312G* method that we have
employed in the present manuscript. This compares favorably
Calculations with values of 68.0, 77.8, and 61.2 kcal/mol, respectively, based

The energetics were calculated using the coupled cluster withOn the experimental heat of formations. The root-mean-square

single and double excitations and perturbative treatment of the &"O" 1S 14 kcal/mol between CC,SD(T)/,CC'pVTZ//MPZ/
triple excitations method (CCSD(T)) with the tripteeorrela- 6'3117%6* anql experiment. A_cor)servatlve estimate of the error
tion-consistent polarized valence basis set of Dunning and co-2Ssociated with the energetics in our study is likely todt@
workers (cc-pVTZF~7 The geometries and frequencies were kcal/mol with our mgthod. In addition, most of the reactions in
evaluated at the second-order Moké?lesset (MP2) level using the present study |nvo.lve Ioo§e transition states, and conse-
the 6-311G* Pople-style basis set. Full treatment of the core quently,_ modest errors in the binding energies will not _alter th_e
electrons was used in the calculation of geometries and conc_lus_lon_s. Our finding that the transition states ass_omated with
frequencies (MP2(FULL)), and only the valence electrons were Br elimination from the alkoxy radicals are minimal (V|.de supra)
correlated (frozen core approximation) in the coupled-cluster SU99€sts that small errors:£ kcal/mol) in these barriers will
energy calculations. On the basis of previous work with Still not change the chemistry.
halocarbon species, these levels of theory were found to
represent a good compromise between the treatment of electro
correlation, basis-set size, and computational expémsié. Total energies for the species relevant to the oxidation of
reported relative energies are zero-point corrected using unscaledH,Br and CHBp are shown in Tables 1 and 2 at the CCSD(T)/
frequencies. All calculations were performed using Gaussian cc-pVTZ//MP2(FULL)/6-313G* level. The relative energetics
982 We find that there is little difference between the MP2/ for the mechanistic steps shown in egs4are shown in Figure
6-311+g(d,p) and MP2/aug-cc-pVDZ energetics. For example, 2 for the oxidation of CEBr and in Figure 3 for the oxidation
the difference in results is 1.2 kcal/mol for the €B#O case of CHBr». In both cases, the addition of,@ the halomethyl
and 0.2 kcal/mol for the CHBO case. We find that the two  radical was found to be strongly exothermic. The degree of
basis sets provide comparable results. exothermicity was observed to decrease with increasing bromine
To check whether the transition states for the dissociation of substitution of the reactant bromomethyl radical, ranging from
CH,BrO and CHBpO connected to the dissociation products 29.8 kcal/mol for CHBr to 16.7 kcal/mol for CBg (ref 1). A
CH,0O + Br and CHBrO+ Br, respectively, intrinsic reaction  transition state for the addition of Qo CBr; was observed
coordinate (IRC) calculatioAh$were performed at the UMP2/  previously at the CCSD(T)/cc-pVTZ levéHowever, based on
6-31G(d) level of theory. Calculations run in the forward the large reaction rates associated with this addition reaction
direction showed the €Br bond breaking and the UMP2/ and the observation that basis-set effects continued to be
6-31G(d) energies converging toward the energies of the important even at the CCSD(T)/cc-pVTZ level, it was assumed

esults and Discussion
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TABLE 2: Total Energies (Hartrees) and Zero-Point
Energies for Species Involved in the Oxidation of CHBr2
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(primarily NO and HQ) will ensure that the R@species are
completely thermalized prior to further reaction. The reaction

species CCSD(T)/cc-pVTZ ZPE steps that follow the formation of the RGpecies will therefore
CH,BrO (A" —2686.981791 0.029007 be discussed in turn in significantly greater detail.
CH,Bro* (?A") —2686.980831 0.028479 The RO, + NO Reaction. Under typical atmospheric
CHoBrO (*A") —2686.976953 0.029007 conditions, the thermalized brominated methyl peroxy radicals
CH,BrO! (,ZA”) —2686.950503 0.028479 will react primarily with NO radicals. The reaction of R@ith
CH,Br (2A") —2611.870655 0.022852 ; o .
CH.BrO, (PA") —2762.047019 0.034517 N.O. proceeds via the addition of NO to fqrm an activated peroxy
CH,BrOOH —2762.693046 0.046311 nitrite molecule (ROONO*). The resulting ROONO* species
CH,BrOONO —2891.801429 0.041703 may then either undergo collisional stabilization to form

a Geometries and zero-point corrections were obtained at the MP2/ (ROONO) or dissociation to form an alkoxy radical (RO) and

6-311+G* level.

CH,BrO + 0 +NO

NO,. The relative importance of these two pathways is
determined by the stability of the ROONO species relative to
the exothermicity of the abstraction reaction and the role of

collisional energy transfer. The difference between the energies
associated with these pathways is found to decrease with
increasing bromine substitution. In GBrO, (Figure 2), the
difference between the GBrO + NO, products and the
CH,BrOONO molecule is found to be 11.4 kcal/mol. The
difference decreases to 9.9 kcal/mol in the case of GBBr
(Figure 3), while the difference was previously found to be only
3.3 kcal/mol in CBsO.! This trend implies a weakening of the
O—0 bond in the peroxy radicals upon increasing bromine
substitution. This trend is not transparent from a comparison
of the O—0 bond lengths in each species that were found to be
1.296, 1.303, and 1.300 A in GBrO,, CHBr,O,, and CBgO,,
respectively.

To evaluate the importance of these energetic differences,
we have performed RRKM/ME calculations to obtain the
relative importance of the stabilization and abstraction channels.
The activated nitrite distribution was obtained from a variational
RRKM treatment of the R@+ NO reaction'® The collisional
transition probabilities were calculated using an exponential gap
model with AE = 250 cnT. The internal energy distributions
of the nascent alkoxy radicals were obtained using the separate
statistical ensembles method to describe the energy partition-
ing.1*15As was found previously for the CBD, + NO reaction,
the reactions of CkBrO, and CHBgO, with NO were found
to exclusively form the alkoxy radical product with no apparent
stabilization of the peroxy nitrite species for pressures ranging
from 300 to 700 Torr at temperatures from 240 to 300 K, which
span the typical range of pressures and temperatures in the
troposphere. The formation of stable nitrate species, REONO

T from isomerization of the activated peroxy nitrite molecule may,

| 4 in principle, provide a means of removal of the peroxy radicals.
275 CHBrO+NO, An accurate theoretical description for the isomerization process
remains challengif§ 1 and was not included in the present
study.

The RO Reactions.The reactions of the alkoxy radicals
derived from the R@+ NO reaction play an important role in

Figure 3. Schematic relative energy diagram for the oxidation of d€termining the final end product yields. For small haloalkoxy
CHBr in the presence of £and NO to form CHBrO and free Bratoms. ~ fadicals, the reactions of primary importance are decomposition
All energies (CCSD(T)/cc-pVTZ) are zero-point corrected and are given and reaction with @ Typical values of the rate constant for H

in keal/mol. abstraction by @ (10714 cm?® s71)25 correspond to rates on the
that the reaction occurred along a barrierless potential. As aorder of 1@ s under ambient conditions. We have evaluated
consequence, we assume that the@lition reactions to CyBr the energetics associated with the decomposition of the bro-
and CHBEg also proceed along barrierless potentials and have moalkoxy radicals to form an aldehyde and free bromine atom.
not attempted to locate transition states for these reactions.Both species are o€s symmetry, leading tA’ and 2A"
Because of the large atmospheric number density,qf~Q0'8 components associated with the unpaired electron on the oxygen
molecules cmd), this reaction is expected to occur on an py or p, orbital. The ground-state-optimized geometries of the
extremely fast time scale<(10¢ s) relative to that of the  two states were found to be similar in both €40 and
initiation step and the subsequent reactions of the peroxy radicalsCHBr,O. In CH,BrO, both states correlate to the same dis-
with NO. In addition, the relatively low atmospheric concentra- sociation products, namely, atomic bromine and,OHIn
tions of species with high reactivity toward the peroxy radicals CH,BrO, the2A’ state is found to be 3.0 kcal/mol lower in

CH,Br + 0, + NO

\

CH,BrO, + NO

53.8

CH,BO +NO,

25.3

CH,0 + Br +NO,
CH,BrOONO

Figure 2. Schematic relative energy diagram for the oxidation of
CH:Br in the presence of £and NO to form CHO and free Br atoms.

All energies (CCSD(T)/cc-pVTZ) are zero-point corrected and are given
in kcal/mol.

CHBr,0 + 0 +NO

CHBr, + 0,+ NO

|

|
\ ZI.O T
l i

!

CHBr,0, + NO

CHBr,0O0NO
CHBIO + Br + NO,
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CH,BrO! (A”) fluorine-loss reaction was found to be endothermic by 25.2 kcal/
----------- mol with a barrier of 29.1 kcal/mol. The cleavage of the@
bond in CC4O, however, was predicted to be strongly exother-
mic (AE = —16.8 kcal/mol) with a small forward barrier (1.3
kcal/mol). Hydrogen substitution of either species is not
expected to significantly alter the-X energeticg?

The fate of the CpHBrO and CHBpO radicals differs
CHLBIO (A” significantly from that of the analogous chlorine species. The
,Bro (A”) e . . .. . .

absence of a significant barrier to dissociation will drive the
CHBIO (A) "1\ T reaction of the activated RO species exclusively toward the Br-
3.0 . %3 loss channels. Since the HBr-loss channel will occur through a
tighter transition state, it is not expected to be competitive with
Br loss. In addition, the lifetimes of the activated ¢8O and
CH,0 +Br CHBr,0 radicals are expected to be so sufficiently short that
Figure 4. Schematic relative energy diagram for the dissociation of the reaction with @ (reaction) will be negligible.
CH;BrO on A and A’ surfaces. All energies (CCSD(T)/cc-pVTZ) are The oxidation of CHBr has been studied experimentally by
zero-point corrected and are given in kcal/mol. Orlando et aP* Those authors used Fourier transform infrared
absorption spectroscopy to probe the possible reaction products
in chamber studies of methyl bromide oxidation under conditions
of both high NO and NO-free environments. The reactions were
initiated by UV photolysis of G| and the CHO, CO, and
CHBrO concentrations were monitored. Those authors found

16.6

CH,BrOt (A"

energy than théA" state at the CCSD(T)/cc-pVTZ level. The
energetics associated with Br elimination from {BiHO from
the?A’ and the?A"" states are shown in Figure 4. The transition
state on theA’ surface is 0.6 kcal/mol above the reactant for
CH,BrO, while the2A" state transition state is 16.6 kcal/mol. that, in the presence of NO, Br loss from B0 was the

Our previous studyon CBrO suggests that extrapolation to  yominant channel with no ap;parent evidence for theEB

the infinite basis-set limftwould likely place the transition state + 0, — CHBrO + HO, or HBr-loss reactions found in the
belov_v_the reactant energy for tié\' state in CHBrO. The analogous chlorine systems. The present results, therefore, are
transition state for CHBO lies 2.4 kcal/mol below the reactant, consistent with the conclusions of the chamber experiments.
also consistent with a barrierless reaction. In addition, RRKM/ The RO, + HO, Reaction. Under conditions of moderate

ME_ calculations _of _the_R@-l— NO_ reaction predict alkoxy (>30 ppt) NO concentrations, the R@dical is expected to

ra_dl_cal energy distributions t_hat I_|e W?” above the rea_ctant react primarily with NO. However, in remote areas characterized
minimum. Since the RO species dissociates along a barrierless,y |, NO concentrations, such as rural or marine regions, other
potential, the alkoxy radical is expected to undergo prompt reactions are important. The reaction of alkyl peroxy radicals

dissociation prior to collisional stabilization. ~and HQ provides a pathway for the formation of alkoxy radicals
Wu and Carr have performed G2 and G2(MP2) calculations i the absence of NO or a means to form relatively stable

of the energetics for the analogous reactions of,CIB.1® hydroperoxide molecules
Geometries of the ground state as well as the transition states
for CI and HCI loss were identified at the MP2(FULL)/ CH,BrO, + HO, —~ CH,BrO + OH + O,

6-31G(d,p) level. As in the present work, two distinct ground-
state structures with symmetries And A’ were observed,;
however, those authors did not identify separatetransition
states for the possible loss channels. Both loss channels were

— CH,BrOOH + O,

CHBr,0, + HO, — CHBr,O + OH + O,

found to have well-defined transition-state structures and — CHBr,OOH+ O,

energies. The HCI loss channel was found to have a barrier of

8.0 kcal/mol at the G2(MP2) level, and the Cl loss channel was CBr,0, + HO, — CBr,O + OH + O,

found to have a barrier of 10.5 kcal/mol. RRKM calculations

were performed for each channel and were found to reproduce — CBr;OOH+ O, (9)

the experimental temperature dependence for critical energies

within 1 kcal/mol of the ab initio results. The authors observed We have calculated the energetics associated with each of these
that the branching to the CI loss channel was unimportant reaction pathways. The reaction of GBg with HO, was not
relative to the HCI channel for atmospherically relevant tem- considered in our previous wdrkand is presented here.
peratures and pressures. However, based on previous experiTypically, the reactions of peroxy radicals with Hexhibit an

mental work by Wu and Caff, the reactions of CkCIO inverse temperature dependeftémplying that the system
analogous to those in eq 5 were found to dominate under all passes through a stable intermediate prior to dissociation. We
temperatures and pressures found in the troposphere. have made no attempt to locate these intermediate ROOHOO

The reactions of CHGD have been examined computation- structures. The energetics for each of the reactions in eq 9 are
ally by Hou et aP! The authors found that the Cl-loss reaction shown in Figure 5. The energy associated with the formation
was exothermic by 10.5 kcal/mol with a barrier of 2.2 kcal/ of alkoxy radicals relative to that of the reactants was found to
mol. The HCI-loss channel was found to be more strongly decrease with increasing bromine substitution. The reaction of
exothermic (22.9 kcal/mol) but had a 14.2 kcal/mol barrier to HO, with CH,BrO was found to be endothermic by 1.2 kcal/
reaction. On the basis of these calculations, the HCI channel ismol, while the reactions of CHBD and CBgO are exothermic
predicted to be of significantly lesser importance than the CI- by 2.7 and 6.5 kcal/mol, respectively.
loss channel, in contrast to the dissociation of,CHD, where We have performed RRKM/ME calculations, based on several
the HCI-loss channel was found to dominate. Li and Francisco severe approximations, to qualitatively estimate the relative
have examined the-€F and C-Cl bond dissociation energies importance of the reactions in eq 9 in the atmosphere. We have
in the CRO and CC4O radicals?? In the case of C§O, the assumed that the distribution of the ROOH species can be
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CH,BrO + OH + O,
CH,BrO, + HO, —
39.2
40.8
CH,BrOOH + 0O,
CHBr,0, + HO, CHBr,0 + OH + O,
43.8
41.1
CHBr,00H + 0,
CBr;0, + HO, CBr;0 + OH + 0,
44.2
377
CBr;O0H + O,

Figure 5. Schematic relative energy diagrams for the reactions of
CH.BrO, CHBrO, and CBsO with HO.. All energies (CCSD(T)/
cc-pVTZ) are zero-point corrected and are given in kcal/mol.

TABLE 3: Fractional Branching Ratios for the Formation
of Prompt Alkoxy Radicals from the Reaction of Bromoalkyl
Peroxy Radicals with HO,

temperature/ CHzBro CHBL,O CBr:0
pressure branching branching branching
300 K/ 760 Torr 0.062 0.36 0.66
240 K/ 350 Torr 0.039 0.41 0.73

approximated by a Boltzmann distribution with the zero of
energy placed at the reactant (R® HO,) energy. This is
tantamount to assuming that the &rts as a spectator and that

J. Phys. Chem. A, Vol. 108, No. 35, 2004251

small. The exothermic reactions of CHBr and CBgO;
produce significantly larger fractions of alkoxy radicals directly,

in contrast to the analogous reactions of chlorinated and
nonhalogenated alkyl peroxy radicals. These analogous systems
produce only a minor fraction of alkoxy radicals, strongly
favoring the formation of the peroxide species.

Chamber studies by Orlando et al. on the oxidation of®&H
in the absence of NO revealed no evidence for the formation
of CH,BrOOH. In those studies, the observed decrease in the
CHsBr concentration due to hydrogen abstraction by Cl and
photolysis completely accounted for the observed appearance
of CH,O, CHBrO, and CO products to within experimental
error. We find that the self-reaction GBrO, + CH,BrO, —
CH2BrO + CH,BrO + O, is exothermic by 3.9 kcal/mol, which
provides an alternative pathway for the formation of CHBrO
in the absence of NO or HOIn the chamber studies of Orlando
et al., the concentration of GBrO, radicals will be significantly
higher than in a typical atmospheric environment and the
concentration of H@radicals will be significantly lower. Thus
the self-reaction may be the dominant source of reaction in this
system in the absence of NO, and the observed end products
are not sensitive to the reaction with H'’he CHBRO, self-
reaction was found to be significantly more exothermid.{.6
kcal/mol) and would be expected to exclusively form ChiBr
radicals under conditions in which the reaction is important.
As noted previously, the CBD; self-reaction is exothermic by
20.0 kcal/mot and is also expected to provide a pathway for
the formation of alkoxy radicals that undergo subsequent
decomposition.

Conclusions

The energetics of species relevant to the atmospheric oxida-
tion of CH,Br, and CHBg have been examined using ab initio
methods. The oxidation mechanisms of BHand CHBp were
found to be similar. The initial addition reactions of © form
alkoxy peroxy radicals are strongly exothermic, and the
subsequent reactions with NO in high N&mospheric environ-
ments were calculated to produce alkoxy radicals; BB and
CHBr,0, in yields near unity. Unlike in analogous chlorine-
and fluorine-containing systems, facile cleavage of theB€
bonds in the alkoxy radicals is predicted to occur for both
species, due to the lack of an appreciable barrier to dissociation.
In addition, under low N@conditions, the reaction of alkoxy
peroxy radicals (Rg) with HO, were found to yield significant
fractions of both alkoxy radicals and stable peroxide molecules
(ROOH) with a strong dependence on the local ambient
temperatures and pressures.
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