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Sudden ozone depletion events in the marine boundary layer are associated with jumps in the CH3Br mixing
ratio, but current models of atmospheric chemistry explain neither the ozone depletion nor the CH3Br spikes.
We have used ab initio theory to predict the forward and reverse rate constants for the competing hydrogen
abstraction and homolytic substitution (SH2) channels of the title reactions. Including the spin-orbit stabilization
of the transition structures increases the rate constants by factors between 1.3 and 49. For the atmospherically
relevant case of CH3I, our findings suggest that the hydrogen abstraction and homolytic substitution reactions
are competitive. The predicted branching fraction to CH3Br is about 13%.

Introduction

Bromine species are known to contribute significantly to
ozone depletion in much of the stratosphere and in the boundary
layer. Measurements since the late 1980s have revealed ozone
depletion episodes in the Arctic troposphere during the spring.
These dramatic events, in which more than 95% of the ozone
disappears within a few hours, are usually attributed to the
reactive species Br and BrO.1-6

Recent measurements in the arctic boundary layer (below 300
m altitude) have shown an anticorrelation between the concen-
trations of ozone and of methyl bromide during ozone depletion
episodes.1 Since intact CH3Br is not believed to catalyze ozone
destruction, the spike in its concentration must indicate the
presence of a reactive intermediate that was not detected,
presumably because it did not survive the sampling and retrieval
protocol. Unfortunately, existing models of atmospheric chem-
istry fail to reproduce the ozone depletion episodes or the
observed levels of methyl bromide.1 Thus, there is an undis-
covered source of CH3Br that involves an ozone-destroying
species such as Br or BrO. The authors of the observational
study considered a number of possible sources of CH3Br, both
gas phase and heterogeneous. Their best idea was an unknown,
low-yield product from reaction between CH3OO and Br or BrO.
They estimated that a rate constant of 2× 10-14 cm3 molecule-1

s-1 for the reaction Br+ CH3OO f CH3Br + O2 would be
enough to explain the increased mixing ratio of CH3Br.
However, subsequent ab initio calculations have shown that the
reaction between CH3OO and Br is too slow to be important.7

An alternative explanation is exemplified by eq 1. Methyl
iodide is the most abundant iodine species in the marine
boundary layer,8,9 although the concentrations measured by
Wingenter et al. were low, on the order of 0.3 pptv.1 The

reactions of alkyl iodides with chlorine atoms have been
investigated,10-15 but the analogous reactions with bromine
atoms have not been studied. Equation 1 is exothermic, with
∆rH298(1) ) -55.9( 0.7 kJ/mol.16 If it is fast enough, it can
account for the “excess” methyl bromide and will have to be
incorporated into atmospheric chemistry models.

In this study, eqs 1-3 are examined using well-correlated
ab initio computational methods, including effects of spin-orbit
coupling, to determine the potential energy profiles and assess
whether any of these reactions is a plausible source of CH3Br.
The competing hydrogen abstraction eq 4 is also evaluated to
provide estimated branching ratios.

Computational Details17

Two basis sets were used for conventional, nonrelativistic
calculations of structures, vibrational frequencies, and energetics.
The smaller was the 6-31G(d) basis, as defined in the Gauss-
ian03 software package,18 on all atoms except I, for which it is
undefined. The SV4P basis by Andzelm et al. was used on
iodine centers.19 In the aggregate, we refer to this smaller basis
set as 6-31G(d) for conciseness, as done previously by
Glukhovtsev et al.20 Cartesiand-functions (i.e., 6d) were used
in the 6-31G(d) basis set. The larger basis set consists of the
6-311++G(2df,2p) basis on all atoms except I, for which it is
also undefined. A corresponding basis for iodine is taken from
the work by Glukhovtsev at al., with thed-polarization Gaussian
exponent split intoR × 1.5 and R/1.5 as recommended.20

Contaminants of lower angular momentum were removed from
† Part of the special issue “M. C. Lin Festschrift”.
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Br + CH3I f CH3Br + I (1)

Br + CH3Br f CH3Br + Br (2)

Br + CH3Cl f CH3Br + Cl (3)

Br + CH3X f CH2X + HBr (4)
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the polarization functions (i.e., 5d, 7f) in the 6-311++G(2df,2p)
basis set.

The Gaussian0318 program package was used for all con-
ventional calculations. Vibrational frequencies were computed
using numerical differentiation of analytical gradients (QCISD21)
or double numerical differentiation [QCISD(T)22]. In the latter
situation, the degeneracy of some vibrations was broken when
using the default convergence criteria. Tightening the conver-
gence criteria to 10-10 on the SCF density and 10-10 on the
correlation energy yields acceptably symmetrical results and was
done in all QCISD(T) vibrational calculations. Vibrational zero-
point energies (ZPEs) were computed as one-half the sum of
the harmonic frequencies for the predominant isotopologue.
Open-shell calculations were spin-unrestricted. Only valence
electrons were included in the correlation treatment. Thermal
corrections to the enthalpy were done using the simple rigid-
rotor/harmonic-oscillator approximation.23,24 Vibrational fre-
quencies were not scaled.

Spin contamination in the UHF reference was significant for
the SH2 displacement transition structures, and〈S2〉 was typically
between 0.96 and 1.00 but less than 0.76 after annihilation. To
test for convergence in the treatment of electron correlation,
geometries were also determined using the CCSD(T)25 method,
which is more complete theoretically than QCISD(T). As an
additional test, single-point energies were computed at the well-
correlated coupled-cluster BD(TQ)26 level using the QCISD-
(T)/6-311++G(2df,2p) geometries. UHF spin contamination
was not significant (〈S2〉 less than 0.79) in the transition
structures for eq 4.

Energies from nonrelativistic calculations are spin-orbit
averages. Spin-orbit coupling is strong in the halogen atoms,
and therefore for all reactions we corrected the calculated atomic
energies by amounts derived from experimental energy lev-
els.27,28 The energy correction is-E(2P1/2)/3, or -30.3180,
-14.6951, and-3.5184 kJ/mol for I, Br, and Cl atoms,
respectively. The experimental levels were also used for
computing the atomic partition functions.

Spin-orbit splitting in the open-shell transition structure
[Br‚‚‚CH3‚‚‚I] ‡ was computed in two ways. The more thorough
procedure was a four-component calculation at the relativistic
Fock-space coupled-cluster (FSCCSD)29 level for the2A and
2E states, using an anionic reference, with the program
Dirac04.30 A polarized double-ú large-component basis set was
used (cc-pCVDZ31 on carbon, cc-VDZ32 on hydrogen, and
uncontracted basis sets by Dyall33 on the halogens), and the
(uncontracted) small-component basis was generated by kinetic
balance, for a total of 1058 basis functions. To reduce the cost
of the calculation, the interatomic small-small repulsion was
modeled classically34 and only orbitals between-1.5 and+100
hartrees were correlated. The (nonrelativistic) QCISD(T)/6-
311++G(2df,2p) geometry was used for the FSCCSD compu-
tation.

The less thorough procedure was a full-valence CASSCF-
(21,15) spin-orbit configuration interaction (SO-CI) mixing the
two lowest 2A and two lowest2E states (i.e., six energy
eigenvalues) with the program Molpro.35 Six states were used
in the SO-CI to correspond to the three asymptotic states for
each halogen atom. An uncontracted polarized double-ú basis
set was used (cc-pVDZ32 on carbon and hydrogen, small-core
Dirac-Fock-optimized pseudopotentials36 with associated basis
sets on halogens). This calculation was done at the same
geometry as for the FSCCSD and also (with only three
interacting states) at several points along the reaction coordi-
nate,37 as computed using the hybrid density functional

B3LYP38-40 with the 6-31G(d) basis set described above.
Although the SO-CI calculation is more approximate than the
FSCCSD, it has the advantages of greater computational speed
and providing an estimate for the ground-state energy lowering
due to spin-orbit coupling. For other species, the following
numbers of interacting states (from a full-valence CASSCF)
were used in the SO-CI to correspond to the asymptotes: three
for I and Br, six for IO, BrO, and IBr+, six for [Br‚‚‚CH3‚‚‚X] q,
and four for [Br‚‚‚H‚‚‚CH2X] q.

Results

The geometries computed for CH3X (X ) I, Br, Cl) and for
the transition structures for eqs 1-3 are summarized in Table
1. Experimental geometries are included for the stable methyl
halides. For CH3Cl, all computed geometries agree with
experiment to within 0.006 Å for the bond lengths and within
0.7° for the H-C-Cl bond angle. For CH3Br, the agreement is
within 0.005 Å for the C-H bond length, 0.032 Å for the C-Br
bond length, and 0.3° for the H-C-Br angle. The larger basis
gives better agreement with experiment (within 0.014 Å for the
C-Br distance). For CH3I, the agreement is within 0.006 Å for
the C-H bond length, 0.053 Å for the C-I bond length, and
0.3° for the H-C-I angle. The larger basis again gives better
agreement with experiment (within 0.018 Å for the C-I
distance). In general, the QCISD(T) and CCSD(T) geometries
are almost indistinguishable. The QCISD(T)/6-311++G(2df,2p)
geometry for [Br‚‚‚CH3‚‚‚I] q and corresponding UHF spin
density are illustrated in Figure 1.

The atoms Br-C-X are collinear in the transition structures
for eqs 1-3. The point groups of the structures areC3V for X
) (I, Cl) and D3h for X ) Br. The C-H bond length in the
transition structure is similar to that in the reactant methyl halide
(0.007 Å shorter). The transition state moves later along the
reaction coordinate in the sequence X) I, Br, Cl, as evident
from the decreasing Br‚‚‚C distance (2.37, 2.32, and 2.27 Å,
respectively), the increasing Br‚‚‚C-H angle (88°, 90°, and 92°),
and the increasing elongation in the C-X bond (15, 19, and
24%). This trend is consistent with the increasing reaction
enthalpy (discussed below). The geometries of the transition
structures are more sensitive to the computational details than
are those of the methyl halides, but the QCISD(T) and CCSD-
(T) results are again nearly the same.

The geometries computed for the products and transition
structures for eq 4 are summarized in Table 2. For comparison,

Figure 1. (top) Transition structure and (bottom) UHF spin density
(contour of 0.01) for the SH2 reaction Br+ CH3I f CH3Br + I. The
point group isC3V.

H Abstraction and Halogen Displacement in Br Reaction J. Phys. Chem. A, Vol. 111, No. 29, 20076853



the available experimental data are listed in the table between
parentheses. However, the structures for CH2Cl and CH2Br were
experimentally underdetermined; the value of one parameter was
merely postulated by the experimentalists during their data
analysis. This complication can be avoided by comparing
rotational constants directly. For CH2Br, the experimental
constants are 273.77, 11.395, and 10.932 GHz,41 while the
computed values are 277.2, 11.32, and 10.87 GHz. For CH2Cl,
the experimental constants are 274.4, 15.948, and 15.057 GHz,42

while the computed values are 276.8, 15.80, and 14.95 GHz.
Overall, agreement between theory and experiment is acceptable.

Vibrational frequencies were computed to obtain ZPEs and
partition functions and to characterize optimized geometries as
either minima or first-order saddle points (viz., transition
structures). The results are summarized in Table 3 as obtained
at the QCISD(T)/6-31G(d) level. For all transition structures,
the vibrational mode associated with the imaginary frequency
corresponds to the motion expected for the associated reaction.
To compute energies at zero temperature, the ZPEs are added
to the equilibrium energies listed in Tables 4 and 5. After adding
atomic spin-orbit corrections (described above) and the thermal
corrections (not tabulated), we obtain reaction enthalpies and
enthalpic barriers for eqs 1-4. These are collected in Tables 6
and 7. Experimental reaction enthalpies were computed using
the reference data summarized in Table 8.16

For the CH2X radicals, the QCISD(T)/6-31G(d) calculations
gave nonplanar equilibrium geometries. With the larger basis

set, QCISD(T)/6-311++G(2df,2p), planar geometries were
obtained for all three radicals (X) I, Br, and Cl). For these
species, the vibrational frequencies and rotational constants in
Table 3 were therefore computed using the larger basis set.
Rotational spectroscopy indicates that both CH2Cl and CH2Br
are planar (positive-valued inertial defects).41,42 In prior com-
putational work, CH2Br has been predicted to be nonplanar,43-45

nearly planar,46-48 and planar.49 Likewise, previous calculations
have found CH2I to be nearly planar.50 Thus, the planarity of
CH2X radicals is sensitive to the computational approach; we
believe their equilibrium structures are planar but do not
investigate this issue further here.

We estimate that our computed reaction enthalpies are reliable
to (5 kJ mol-1 (type B standard uncertainty).51 As shown in
Table 6, calculated and experimental values agree when the
larger basis set is used. In contrast, the barrier height appears
to be more sensitive to the inclusion of perturbative triples (T)
than to the choice of basis set. This sensitivity to electron
correlation appears to have reached convergence already at the
QCISD(T) level; there is negligible change at the slightly more
complete CCSD(T) level or even at the fifth-order BD(TQ)
level.26 Thus, we use QCISD(T) for all reaction energetics.

For the competing H-abstraction reaction (eq 4), the results
of analogous calculations are collected in Table 7. On the basis
of the convergence study for the displacement reactions, we
accept the QCISD(T)/6-311++G(2df,2p) results as reliable.
Agreement with experimental thermochemistry for eq 4 is not

TABLE 1: Geometries Relevant for Eqs 1-3a

CH3X [Br ‚‚‚CH3‚‚‚X] q

method basis set X r(CH) r(CX) θ(HCX) r(CH) r(CBr) r(CX) θ(BrCH)

QCISD 6-31G(d) I 1.089 2.180 107.6 1.082 2.405 2.524 87.8
Br 1.090 1.961 107.7 1.082 2.342 2.342 90.0
Cl 1.091 1.787 108.8 1.082 2.316 2.238 90.6

6-311++G(2df,2p) I 1.083 2.145 108.0 1.076 2.372 2.481 88.3
Br 1.083 1.941 108.0 1.076 2.321 2.321 90.0
Cl 1.084 1.786 108.5 1.076 2.274 2.213 91.5

QCISD(T) 6-31G(d) I 1.090 2.185 107.5 1.084 2.410 2.522 87.5
Br 1.091 1.965 107.7 1.084 2.344 2.344 90.0
Cl 1.093 1.790 108.8 1.084 2.314 2.241 90.7

6-311++G(2df,2p) I 1.085 2.150 107.9 1.078 2.373 2.472 88.0
Br 1.085 1.947 107.9 1.078 2.322 2.322 90.0
Cl 1.086 1.791 108.5 1.078 2.267 2.215 91.7

CCSD(T) 6-311++G(2df,2p) I 1.085 2.150 107.9 1.078 2.374 2.470 87.9
Br 1.084 1.946 107.9 1.077 2.320 2.320 90.0
Cl 1.085 1.790 108.5 1.078 2.267 2.215 91.7

expt (r0)64 I 1.084 2.132 107.7
Br 1.086 1.933 107.7
Cl 1.090 1.785 108.1

a Distances in Å, angles in degrees.

TABLE 2: Geometries Relevant for Eq 4a,b

molecule r(CX) r(CH) θ(HCX) r(BrH) æ(HCXH′) θ(BrHX)

CH2I 2.051 1.077 118.7
CH2Br 1.855 1.076 117.9

(1.848)41 (1.084)41 (117.8c)41

CH2Cl 1.711 1.082 118.0
(1.691)42 (1.09c)42 (118.7)42

HBr 1.421
(1.414)65

[Br‚‚‚H‚‚‚CH2I] q 2.066 1.579,1.082 106.2,115.5 1.528 (108.0 142.9
[Br‚‚‚H‚‚‚CH2Br]q 1.867 1.571, 106.5, 1.529 (108.2 144.5

1.081 114.8
[Br‚‚‚H‚‚‚CH2Cl]q 1.715 1.554,1.082 106.9, 1.535 (108.3 145.0

1.082 114.8

a From QCISD(T)/6-311++G(2df,2p) calculations.b Distances in Å, angles in degrees. Experimental values in parentheses.c Fixed during the
experimental fitting procedure.
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quite as good as that for the displacement reactions, but is within
7 ( 3 kJ/mol. The discrepancies may reflect difficulties in the
present calculations or in the experimental enthalpies of forma-
tion of the CH2X radicals. Experimental thermochemical data
are not available for CH2I, although a hybrid experimental/theor-
etical enthalpy of formation of 228.0( 2.8 kJ mol-1 was
reported by Seetula50 (it implies an H-atom abstraction enthalpy
of 65.4 ( 2.9 kJ mol-1). For H-abstraction from CH3I, the
reaction barrier is less than the endothermicity (Table 7). This
is simply because of the thermal content in∆rH298; ∆rH0 ) 58
kJ/mol, which is less than the barrier (60 kJ/mol) as it should be.

The transition structures for eqs 1-3 are axisymmetric. The
electronic ground state has the unpaired electron on-axis (Figure

1); thus, the state designations are X˜ 2A1 for [Br‚‚‚CH3‚‚‚I] q and
[Br‚‚‚CH3‚‚‚Cl]q and X̃2A′1 for the symmetric case
[Br‚‚‚CH3‚‚‚Br]q. The degeneracy of the lowest excited state,
2E (or 2E′), is broken by spin-orbit coupling. (In linear notation,
ignoring the hydrogenic asymmetry, these states would be called
2Σ1/2, 2Π3/2, and2Π1/2.) These molecular states must correlate
with the 2P3/2 and excited2P1/2 levels of the attacking Br atom
and the departing halogen atom. Thus, spin-orbit coupling in
the transition structure is expected to affect the reaction barrier.
The results of calculations of spin-orbit splittings are listed in
Table 9. The purpose of Table 9 is to evaluate the reliability of
the computational techniques and to verify the correlation
between atomic and molecular spin-orbit levels. For the
diatomic test species, we used experimental bond lengths:
1.8676 Å for IO,52 1.7172 Å for BrO,52 and 2.235 Å for IBr+.53

Except for the difficult halogen monoxides, both theoretical
procedures reproduce experimental splittings fairly well. Spin-
orbit calculations along the reaction coordinate indicate that the
two lowest states of [Br‚‚‚CH3‚‚‚I]q converge to the ground2P3/2

level of either asymptote. Thus, the reactant atomic levels
2P3/2(mJ ) (1/2), 2P3/2(mJ ) (3/2), and2P1/2(mJ ) (1/2) correlate
with the transition-structure states2A1,1/2, 2E3/2, and 2E1/2,
respectively. The SO-CI calculations indicate that spin-orbit
coupling (primarily with the excited2E1/2 state) lowers the

TABLE 3: Vibrational Frequencies, ZPEs, and Rotational Constantsa

species
point
group frequencies (cm-1)

ZPE
(kJ/mol)

rotational constants
(cm-1)

CH3I C3V a1: 3115, 1336, 522
e: 3231, 1507, 925

97.5 5.156, 0.241, 0.241

CH3Br C3V a1: 3109, 1374, 604
e: 3222, 1520, 984

98.9 5.162, 0.312, 0.312

CH3Cl C3V a1: 3097, 1442, 756
e: 3199, 1523, 1066

100.9 5.212, 0.440, 0.440

[Br‚‚‚CH3‚‚‚I] q C3V a1: 777i, 3157, 927, 126
e: 3332, 1436, 984, 117

95.4 4.755, 0.0142, 0.0142

[Br‚‚‚CH3‚‚‚Br]q D3h a1′: 3157, 149
a2′′: 853i, 958
e′: 3331, 1436, 112
e′′: 1012

96.0 4.749, 0.0194, 0.0194

[Br‚‚‚CH3‚‚‚Cl]q C3V a1: 914i, 3157, 1000, 189
e: 3329, 1437, 1030, 120

96.8 4.749, 0.0327, 0.0327

HBr CV σ: 2594 15.5 8.115
CH2Ib C2V a1: 3185, 1373, 634

b1: 233; b2: 3331, 853
57.5 9.356, 0.293, 0.284

CH2Brb C2V a1: 3190, 1396, 711
b1: 118; b2: 3343, 929

57.9 9.245, 0.378, 0.363

CH2Clb C2V a1: 3191, 1429, 847
b1: 140; b2: 3340, 1002

59.5 9.235, 0.527, 0.499

[Br‚‚‚H‚‚‚CH2I] q Cs a′: 636i, 3161, 1409, 1144, 794, 627, 452, 48
a′′: 3291, 922, 745, 266

76.9 0.508, 0.0187, 0.0181

[Br‚‚‚H‚‚‚CH2Br]q Cs a′: 719i, 3160, 1428, 1143, 859, 694, 432, 54
a′′: 3291, 988, 798, 290

78.6 0.605, 0.0244, 0.0236

[Br‚‚‚H‚‚‚CH2Cl]q Cs a′: 795i, 3154, 1465, 1155, 866, 792, 479, 73
a′′: 3277, 1072, 800, 286

80.3 0.743, 0.0391, 0.0375

a Calculated at the QCISD(T)/6-31G(d) level of theory except as noted.b Calculated at the QCISD(T)/6-311++G(2df,2p) level.

TABLE 4: Total Equilibrium Energies (hartree) Relevant for Eqs 1 -3

6-31G(d) 6-311++G(2df,2p)

species QCISD QCISD(T) QCISD QCISD(T) CCSD(T) BD(TQ)//QCISD(T)

I -6913.12944 -6913.13035 -6916.94675 -6916.95102 -6916.95099 -6916.95153
Br -2569.96973 -2569.97059 -2572.49969 -2572.50410 -2572.50408 -2572.50455
Cl -459.56901 -459.57050 -459.65347 -459.65877 -459.65873 -459.65933
CH3I -6952.91071 -6952.91676 -6956.79440 -6956.80774 -6956.80756 -6956.80804
CH3Br -2609.77126 -2609.77713 -2612.36314 -2612.37657 -2612.37639 -2612.37676
CH3Cl -499.38336 -499.38995 -499.53443 -499.54895 -499.54879 -499.54926
[Br‚‚‚CH3‚‚‚I] q -9522.85641 -9522.86586 -9529.26797 -9529.28976 -9529.28923 -9529.29064
[Br‚‚‚CH3‚‚‚Br]q -5179.70500 -5179.71445 -5184.82637 -5184.84848 -5184.84793 -5184.84927
[Br‚‚‚CH3‚‚‚Cl]q -3069.30316 -3069.31347 -3071.98466 -3072.00803 -3072.00746 -3072.00891

TABLE 5: Total Equilibrium Energies (hartree) Relevant
for Eq 4a

molecule energy

HBr -2573.146760
CH2I -6956.139269
CH2Br -2611.707788
CH2Cl -498.881664
[Br‚‚‚H‚‚‚CH2I] q -9529.286626
[Br‚‚‚H‚‚‚CH2Br]q -5184.854699
[Br‚‚‚H‚‚‚CH2Cl]q -3072.027984

a Geometry-optimized QCISD(T)/6-311++G(2df,2p).
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energy of the ground2A1,1/2 state by∆ESOC
q ) 9.7 kJ mol-1 for

[Br‚‚‚CH3‚‚‚I] q, 3.9 kJ mol-1 for [Br‚‚‚CH3‚‚‚Br]q, and 2.0 kJ
mol-1 for [Br‚‚‚CH3‚‚‚Cl]q. Analogous calculations for the
transition structures of eq 4 indicate spin-orbit stabilization of
0.6 kJ mol-1; the small value is consistent with the asymmetric
structures. The values of∆ESOC

q are collected in Table 10.
To compare competing reactions, we calculated rate constants

using the simple transition-state theory (TST), eq 5, wherekB,
h, R, andT are the Boltzmann constant, the Planck constant,
the gas constant, and the temperature, as usual.

The constantc° ) p°/kBT ≈ 2.43× 1019 molecule cm-3 is the
ideal-gas number density corresponding to the standard-state
pressure (p° ) 1 bar) at 298 K. Ideal-gas entropiesS°298 were
computed for all species in the rigid-rotor/harmonic-oscillator
approximation. Entropies and Gibbs energies of activation,∆Sq

and∆Gq, are compiled in Table 10. The quantities in Table 10
are based upon geometry-optimized QCISD(T)/6-311++G-
(2df,2p) equilibrium energies with ZPEs and partition functions
based upon Table 3. Transition-structure stabilization due to
spin-orbit coupling,∆ESOC

q , which lowers the barriers, is also
listed in Table 10. The barrier correlating with themJ ) (3/2
level of the ground-state Br atom is much higher than that for
the mJ ) (1/2 level (Table 9,2E3/2 compared with2A1/2). Its
contribution to the rate constant is therefore negligible. One
might expect that a factor of one-half should be included in the

rate constant to reflect this unreactive component. However, it
is implicit in the electronic partition functions (ground-state
degeneracies), and therefore it should not be included as an
additional correction.

The contribution from tunneling is estimated by multiplying
the TST rate by the Wigner correctionFtunnel (eq 6), whereνq

is the imaginary vibrational frequency. The final rate constant
is k(T) ) FtunnelkTST(T). Values ofk andFtunnel are included in
Table 10. For comparison with experiment, rate constants for
the reverse reactions are also included in the table.

Since our computed barrier heights are probably reliable only
to (5 kJ/mol (standard uncertainty), our computed rate constants
at 298 K are probably reliable to a factor of 8. Rate constants
for the reverse of eq 4 have been measured by Seetula45,50,54

and agree with our computed values well within this margin
(Table 10).

Discussion

Among eqs 1-3, only eq 1 is exothermic (Table 6). The
competing eq 4 is endothermic (Table 7). Thus, for CH3I the
thermochemistry suggests that the bimolecular homolytic sub-
stitution (SH2)55 reaction will predominate. However, eq 1 has
a significant barrier (Table 6), while eq 4 has a barrier only
slightly exceeding its endothermicity (Table 7). This is illustrated
in Figure 2 for zero temperature.

The gross effect of spin-orbit coupling on eq 1 is also shown
in Figure 2; only one-half (themJ ) 1/2 component) of the
ground-state Br2P3/2 is reactive. Classically, this factor may be
obtained by reasoning that the odd electron on Br must reside
in the p orbital that points toward the CH3I, so that only one-
third of the 2P term (i.e., one-half of the ground2P3/2 level)
will be reactive. However, classical reasoning does not predict
the small (9.7 kJ mol-1) spin-orbit stabilization of the transition
structure, which increases the room-temperature rate constant
by a factor of 49. Similar spin-orbit correlation diagrams have
been used to interpret the analogous exchange reaction between
Br and HI56 and also the photoelectron spectra of anions such
as I-‚CH3I57 and I-‚HBr.58 Since the transition structure for eq

TABLE 6: Energetics (in kJ/mol) for Eqs 1-3, Br + CH3X f CH3Br + X, Including Atomic Spin -Orbit Corrections

X ) I X ) Br X ) Cl

method basis set ∆rH298.15 barriera ∆rH298.15 barriera ∆rH298.15 barriera

QCISD 6-31G(d) -68 76 0 106 43 142
6-311++G(2df,2p) -56 81 0 107 56 140

QCISD(T) 6-31G(d) -67 69 0 99 43 134
6-311++G(2df,2p) -56 71 0 96 56 129

CCSD(T) 6-311++G(2df,2p) -56 71 0 97 56 130
BD(TQ)b 6-311++G(2df,2p) -56 70 0 96 56 128
expt -55.9( 0.7 0 54.9( 0.8

a Including ZPE but no thermal contributions (i.e., atT ) 0). b At QCISD(T)/6-311++G(2df,2p) geometries.

TABLE 7: Energetics (in kJ/mol) for Eq 4, Br + CH3X f CH2X + HBr, Including Atomic Spin -Orbit Corrections

X ) I X ) Br X ) Cl

method basis set ∆rH298.15 barriera ∆rH298.15 barrier ∆rH298.15 barrier

QCISD 6-31G(d) 81 88 79 87 72 84
6-311++G(2df,2p) 63 69 64 71 60 69

QCISD(T) 6-31G(d) 81 84 78 83 71 79
6-311++G(2df,2p) 61 60 62 63 58 60

expt N.A. 59.3( 2.8 51.0( 3.2

a Including ZPE but no thermal contributions (i.e., atT ) 0).

TABLE 8: Experimental Enthalpies of Formation 16 (kJ/mol)

species ∆fH°298.15

I 106.76( 0.04
Br 111.87( 0.12
Cl 121.302( 0.008
CH3I 14.4( 0.5
CH3Br -36.4( 0.5
CH3Cl -81.87( 0.60
HBr -36.29( 0.16
CH2Br 171.1( 2.745

CH2Cl 117.3( 3.154

CH3 146.7( 0.366

BrCl 14.79( 0.16
Br2 30.91( 0.11
IBr 40.81( 0.14

kTST(T) ) (kBT/hc°) exp(-∆Gq/RT) (5)

Ftunnel) 1 + (ihνq/kT)2/24 (6)
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4 is so asymmetric, spin-orbit coupling is quenched and the
rate enhancement is only 30%.

The rate constants that we calculate for eqs 1 and 4, atT )
298 K, arek1 ) 6 × 10-23 andk4 ) 4 × 10-22 cm3 molecule-1

s-1 (Table 10). Thus, we predict a branching ratiok1/k4 of about
0.14. This ratio is uncertain by a factor of 8, as estimated above.
The reliability of our computed rate constants can be estimated
on the basis of the reverse of eq 4, since those rates have been
measured experimentally.45,50,54We find good agreement; the
theoretical rates are too low by factors of only 2, 3, and 2 for
X ) I, Br, and Cl, respectively. Earlier rate calculations using
more approximate methods also yielded good results for the
reverse of eq 4 (Br) (3.4× 10-13 cm3 molecule-1 s-1)48 and
for the similar reaction CHClBr+ HBr f CH2ClBr + Br.59,60

Our rate constants for H-abstraction eq 4 (Br and I) compare
well with two earlier, more approximate calculations (1.8×

10-22 and 2.1× 10-22, respectively)45,50 but disagree with
another (1.1× 10-19)48 for eq 4 (Br). Our discrepancy with the
last value corresponds closely (within 1.8 kJ mol-1) to the spin-
orbit correction that should be applied to the bromine atom; it
is not stated in that report whether the spin-orbit correction
was applied. There do not appear to be any rate constants in
the literature for eq 4 (Cl) or its reverse.

We did not find any prior studies of eqs 1-3 in the literature.
However, the analogous reactions of chlorine and fluorine atoms
have been studied. High-pressure rate constants (atT ) 283 K)
for halogen displacement by fluorine, F+ CH3X f CH3F +
X, have been measured as (8( 3) × 10-13, (1.7( 0.3)× 10-13,
(3.7 ( 1.3) × 10-14, and 6× 10-15 cm3 molecule-1 s-1 for X
) I, Br, Cl, and F.61 These, and analogous reactions with larger
alkyl iodides,62 were presumed to be SH2 reactions, with
inversion of configuration at carbon. Note that substitution by

TABLE 9: Excitation Energies (cm-1) of Spin-Orbit Levels Computed Using the FSCCSD and SO-CI Proceduresa

species level expt FSCCSD SO-CI

I (2P3/2) 2P1/2 7603.1567 7343 (-3%) 7250 (-5%)
Br (2P3/2) 2P1/2 3685.2427 3695 (0.3%) 3511 (-5%)
IO (2Π3/2) 2Π1/2 2091( 4068 1855 (-11%) 1317 (-37%)
BrO (2Π3/2) 2Π1/2 967.9969 846 (-13%) 604 (-38%)
IBr+ (2Π3/2) 2Π1/2 4662( 270 4570 (-2%) 4532 (-3%)
[Br‚‚‚CH3‚‚‚I] q (2A1,1/2) 2E3/2 N.A. 5795 6264
[Br‚‚‚CH3‚‚‚I] q (2A1,1/2) 2E1/2 N.A. 8322 8441
[Br‚‚‚CH3‚‚‚Br]q (2A′′2,1/2)

2E′3,2 N.A. N.A. 6812
[Br‚‚‚CH3‚‚‚Br]q (2A′′2,1/2)

2E′1/2 N.A. N.A. 8857
[Br‚‚‚CH3‚‚‚Cl]q (2A1,1/2) 2E3/2 N.A. N.A. 7408
[Br‚‚‚CH3‚‚‚Cl]q (2A1,1/2) 2E1/2 N.A. N.A. 8364

a Ground-state designations and errors relative to experiment are in parentheses. 1 kJ mol-1 ) 83.59 cm-1.

TABLE 10: Rate Constants (cm3 molecule-1 s-1) and Activation Energetics at 298.15 K

eq k ∆S298
q (J mol-1 K-1) ∆G298

q (kJ mol-1) ∆ESOC
q (kJ mol-1) Ftunnel

kreverse

(calcd)
kreverse

(expt)

1 5.9× 10-23 -103.0 100.1 9.7 1.59 1.3× 10-32 N.A.
2 1.2× 10-28 -107.0 127.0 3.9 1.71 1.2× 10-28 N.A.
3 2.5× 10-34 -100.5 157.6 2.0 1.81 1.3× 10-24 N.A.
4-I 4.1× 10-22 -92.2 85.9 0.6 1.39 3.4× 10-13 (6.6( 0.6)× 10-13 50

4-Br 1.8× 10-22 -92.1 88.0 0.6 1.50 9.1× 10-14 (2.76( 0.15)× 10-13 45

4-Cl 6.0× 10-22 -92.2 85.3 0.6 1.61 5.7× 10-14 (12.8( 0.4)× 10-14 54

Figure 2. Relative energies (T ) 0) for educts and transition structures of eqs 1 and 4.
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F is exothermic; for these reactions, we compute (by the same
QCISD(T)/6-311++G(2df,2p) procedure described earlier)
∆rH298 ) -228,-173, and-117 kJ mol-1 for X ) I, Br, and
Cl.

There have been several studies of the reactions of Cl with
alkyl iodides that revealed a more complicated situation. Above
364 K, the main reaction between Cl and CH3I is H-abstraction
as expected, but formation of an adduct, CH3I-Cl, predominates
under typical atmospheric conditions.11 The CH3I-Cl bond
dissociation enthalpy was determined experimentally to be 52
( 3 kJ mol-1, and DFT calculations predicted an acute C-I-
Cl bond angle of 85°.11 The red tail of the visible absorption
spectrum of CH3I-Cl has been recorded.15 There is substantial
charge-transfer character in the bonding, since the strength of
the complexation is anticorrelated with the ionization energy
of the parent alkyl iodide.11,15 At 295 K and high pressure, an
8.6% yield of CH3Cl was observed from Cl+ CH3I at 295
K.10 Drawing upon unpublished calculations by McGrath and
Rowland, both SH2 and front-side attack (via the adduct) were
suggested to be reasonable mechanisms.10 However, at low
pressure no CH3Cl was detected among the products, ruling out
any simple bimolecular origin.12 Instead, the apparent route to
CH3Cl was effectively termolecular: CH3I-Cl + CH3I f CH3-
Cl + products.12 A similar conclusion was reached in a study
of ethyl iodide and 2-propyl iodide, although more quantita-
tively, with upper limits on the direct substitution reactions of
2.5× 10-12 and 3× 10-12 cm3 molecule-1 s-1, respectively.14

Adducts of the type CH3X-Br have not been investigated.
If bonding is principally due to charge transfer, CH3I-Br will
be more weakly bound than CH3I-Cl, since the electron affinity
of Br (324.5 kJ mol-1) is less than that of Cl (348.7 kJ mol-1).63

Furthermore, the larger I-Br distance will weaken the ionic
bonding. However, some stabilization may be anticipated for a
front-side displacement mechanism, which remains unexplored.

Another channel in the reaction Cl+ CH3I, iodine abstraction
to yield CH3 + ICl, has been considered but then dismissed as
too endothermic.13,15 We calculate (as before)∆rH298 ) 39 kJ
mol-1 for this reaction, modestly endothermic. In contrast, Cl
+ CH2ICl yields CH2Cl + ICl rapidly, k ) 8.5 × 10-11 cm3

molecule-1 s-1 12 (calculated∆rH298 ) 14 kJ mol-1), and in
the reaction F+ CH3I, the fastest process produces CH3 + IF61

(calculated∆rH298 ) -22 kJ mol-1). The analogous process
here is eq 7.

However, the thermochemistry is unfavorable with bromine:
experimentally∆H298 ) 61.2( 0.6, 102.1( 0.6, and 131.5(
0.7 kJ mol-1 for X ) I, Br, and Cl, respectively (Table 8). For
the X ) Br case, it has been predicted that the barrier for eq 7
is 38 kJ mol-1 higher than that for eq 4.48 Thus, we do not
expect eq 7 to be competitive with the alternatives.

The authors of the field measurements study1 suggested that
the unknown source of CH3Br could be a slow or low-yield
reaction involving Br atoms or BrO radicals in the boundary
layer. According to their calculations, if 5% of the Br+ CH3O2

reaction yielded CH3Br + O2 it would be enough to explain
the elevated CH3Br.1 However, this reaction channel was
subsequently shown to be uncompetitive.7 The present study
has explored another potential source of the unexplained CH3-
Br, the SH2 displacement on CH3I by Br. We have found this
reaction also to be too slow to explain the rise in CH3Br
concentration during ozone depletion events. However, it is an
unusual example of halogen substitution being competitive with
H-abstraction (rate ratio 1:7). It has generally been assumed

that H-abstraction predominates heavily, but this assumption
breaks down for the methyl iodide case.

Conclusions

In the bimolecular reaction between Br and CH3I, the SH2
displacement (eq 1) is predicted to account for about 12.5% of
the bimolecular products. This contradicts the usual expectation
that H-abstraction predominates heavily, but is comparable to
the 8.6% fraction found for the analogous, but apparently
termolecular, reaction of Cl.10 The reaction is too slow,k298 )
6 × 10-23 cm3 molecule-1 s-1, to explain the observed spike
in the CH3Br mixing ratio during rapid ozone depletion events
in the marine boundary layer. Gas-phase reaction with BrO
radicals and heterogeneous mechanisms remain to be investi-
gated.

Note Added in Proof. The kinetic isotope effects (CH3I vs
CD3I) are 1.08 for eq 1 and 12.6 for eq 4 (I). Thus, for CD3I
the SH2 reaction is faster than the D-abstraction reaction
(branching ratio) 1.7).
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