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The potential energy surface of the reaction between chlorine atom and ethylene was explored at the MP2/
6-31G(d,p), Becke3LYP/6-31G(d,p), QCISD/6-31G(d,p), MP2/6-311+G(d,p), MP2/6-311++G(3df,3pd), and
MP2/aug-cc-pVDZ levels of theory. Further QCISD(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ optimizations
were performed for some structures of special interest. The geometrical parameters computed for the different
structures located on the potential energy surface do not differ too much when employing different methods
and basis sets with the only exceptions of those structures involving long distance interactions (van der Waals
structures). The pronounced flatness of the potential energy surface in the regions where these structures
appear seems to be the responsible for the observed discrepancies. The full optimized QCISD structures tend
to become less stable than those computed at the MP2 level, whereas the opposite is true for the Becke3LYP
structures. At the MP2 and QCISD levels, the transition structure associated with a direct shuttle motion in
the addition channel is too high in energy to be involved in the dissociation mechanism. The existence of two
bridged structuresIadd (minimum) andTSadd (transition structure) on the potential energy surface helps to
explain the experimentally detected stereochemical control exercised by the chlorine atom in reactions involving
haloethyl radicals. Contrarily, the Becke3LYP calculations suggest a mechanism in which the direct shuttle
motion could play a relevant role, although the competing mechanism of rotation around the C-C bond is
lower in energy. The MP2 and QCISD abstraction channels also differ considerably from the Becke3LYP
one. However, in this case all the different potential energy surfaces seem to be consistent with the reported
experimental data on the activation energy and endothermicity for the abstraction reaction. The QCISD(T)/
aug-cc-pVDZ//QCISD/6-31G(d,p) relative energies and barrier heights are consistent with the experimental
data available on exo/endothermicities and activation barriers for the addition and abstraction reactions.

Introduction

The reactions between halogen atoms and hydrocarbons are
of considerable importance because they take part in a number
of processes of practical interest. Thus, it is well-known that
thermal and hot reactions between halogen atoms and olefinic
molecules play a relevant role in recoil chemistry since these
species are frequently utilized as scavengers.1 The processes
involved in the incineration of hazardous halogenated wastes2

or in the combustion of chlorine-containing fuel contaminants3

and the reactions of chlorine atoms with methane intervening
in the cycle of stratospheric ozone layer destruction4 are also
good examples. Also, these reactions represent loss processes
for chlorine atoms and nonmethane hydrocarbons in the
atmosphere,5-7 thus causing changes in the atmospheric com-
position that can alter the stability of the environment. Particu-
larly, the reaction between chlorine and ethylene proceeds
through two competitive channels:

While the abstraction reaction (eq 1) is an endothermic process
(5-6 kcal/mol)1,8 with an estimated activation energy of 3-7
kcal/mol,9-12 the chlorine addition to ethylene (eq 2) occurs
readily having little or no activation barrier and an exothermicity

of 22 kcal/mol.1 Therefore, at lower temperatures (say below
500 K) the reaction is dominated by addition (eq 2) to form a
chloroethyl radical, and at higher temperatures the addition
reaction is less important and the abstraction reaction can be
experimentally studied directly.12 On the other hand, only at
sufficiently low total pressure can the abstraction channel be
observed.11

It has also been stressed that in chlorine atom reactions with
unsaturated hydrocarbons, HCl production can also occur via
an addition-elimination mechanism13f but the activation energy

estimated for the elimination process is too high (∼50 kcal/
mol).1 Other secondary reactions may play a relevant role in
the kinetics of these reactions at different experimental condi-
tions.11 Particularly, the possible formation of two different
radicals: 1-chloroethyl radical CH3ClCH• and 2-chloroethyl
radical CH2ClCH2•, should also be considered.12

From a theoretical viewpoint, a number of recent works have
shown that ab initio methodologies as applied at a high level
(nowadays affordable as a consequence of the remarkable
performance of the more and more powerful workstations,
clusters, and supercomputers, within the sixth generation of
computers)14 do provide quite useful information on the addition
and abstraction reactions between radicals and organic com-

Cl + C2H4 f C2H3• + HCl (1)

Cl + C2H4 (+ M) f C2H4Cl• (+ M) (2)

Cl + C2H4 f C2H4Cl* f HCl + C2H3• (3)
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pounds, thus nicely complementing the experimental data
available.13 An especially important contribution from these
theoretical works is the location and characterization of inter-
mediate complexes on the potential energy surface (PES) as
they can be responsible for the negative activation energies
derived from the kinetic experimental studies.15 Mozurkewich
and Benson16 used the Rice-Ramsperger-Kassel-Marcus
(RRKM) theory17 to develop quantitative expressions for the
rates of reactions that have negative activation energies for the
cases corresponding to a reaction profile presenting a minimum
associated with the formation of a stable intermediate complex
between two transition states, the first one loose and the second
one tight (the tight transition state should have a significant
threshold energy with respect to the intermediate but may have
a negative potential energy relative to reactants). Rayez and co-
workers13g recently extended the RRKM treatment to deal with
bimolecular reactions in which two intermediate complexes are
formed. The location of these weakly bound complexes on the
PES has also an intrinsic theoretical interest: as stressed
elsewhere,18 it is strictly needed to avoid serious topological
inconsistencies in the computed PES. Indeed, in the work by
Schlegel and Sosa19 on the reaction between chlorine atom and
ethylene, these authors reported a transition structure located
at the HF/6-31G(d) level for the addition reaction 2, which is
lower in energy than reactants. Such a situation is only possible
if an intermediate complex between the reactants and the
transition structure exists; this transition structure does not
connect reactants and products but the intermediate complex
with products. This latter point is sometimes rather difficult to
show since the intrinsic reaction coordinate (IRC) technique20

usually does not work properly when weakly bound systems
are involved (partly due to numerical problems associated with
that weakness).21

Several ab initio theoretical studies have been carried out on
the reaction between ethylene and chlorine atom. As mentioned
above, Schlegel and Sosa19 located a chlorine addition transition
structure at the UHF level and concluded that the 2-chloroethyl
radical adopts an antiperiplanar conformation with a rotation
barrier of 4 kcal/mol. Hoz et al.22 located two symmetrically
bridged (C2V) structures [the first one (2B2) about 13 kcal/mol
above the dissociation limit and the second one (2A1) less than
1 kcal/mol more stable than the dissociation products] and one
unsymmetrically bridged (C1) structure (about 1 kcal/mol more
stable than the dissociation products) at the UHF level. When
these authors computed the energy profiles corresponding to
the2B2 and2A1 states at the configuration interaction (CI) level
using a multiconfigurational (MCSCF) wave function, only a
very shallow minimum at a large C-Cl distance was located.
Furthermore, it disappears when a planar structure for C2H4 is
forced. Such a loose association of a chlorine atom and an
ethylene molecule might be either a transition structure or a
molecule-radicalπ-complex intermediate in an elimination-
readdition mechanism for the 1,2-shift.22 One of the most
complete studies for the present was carried out at the multi-
reference single- and double-excitation (MRD-CI) level by
Engels et al.23 Two dissociation pathways leading to CH2ClCH2•
were explored: the direct path involving an unsymmetrical
intermediate and a two-step path involving a local symmetric
minimum (which is at the same time, according to these authors,
the transition state for the 1,2 migration), followed by the
pathway to the absolute asymmetric minimum (2-chloroethyl
radical), which is part of the shuttling motion24 leading to Cl+
C2H4. The activation energy for rotation about the C-C axis is
calculated to be around 4.3 kcal/mol, comparable to that for

the 1,2-migration (around 6 kcal/mol). On the basis of MP2
calculations, Guerra25 concluded that, although the shuttle
motion is likely in 2-chloroethyl radical (the symmetrically
bridged2A1 structure is 7.3 kcal/mol below the dissociation limit
and 13.3 kcal/mol higher than the anti structure of the CH2-
ClCH2• radical), the experimentally observed stereochemical
control of small entity exercised by the chlorine atom could be
due to the high population of the eclipsed rotamer of the CH2-
ClCH2• radical in conjunction with the nonplanarity of the
radical site and/or steric hindrance of theâ-substituent26 rather
than due to shuttling.24 More recently, Knyazev et al.27 studied
the kinetics of the unimolecular decomposition of the CH2-
ClCH2• radical. Their PMP4/6-31G(d,p)//UMP2/6-31G(d,p)
calculations indicate that there is no transition structure on the
two possible pathways (symmetric and unsymmetric). Calcula-
tions of Ihee et al.28 [local MP2 and DFT using the LAV3P
relativistic effective core potential29 for describing the chlorine
atom and the 6-31G(d,p) basis set for hydrogen and carbon
atoms] seem to confirm the Skell hypothesis of symmetric
bridging24 (they locate a symmetrically bridged structure 10.5
kcal/mol below the dissociation limit at the Becke3LYP level
of theory) to explain the stereochemical control of haloethyl
radicals, concluding that bridged structures play an important
role in the dissociation processes involving the CH2ClCH2•
radical.

In this paper, we report the results of an extensive exploration
of the PES for the reaction between chlorine atom and ethylene
carried out at different theoretical levels. Our objective is two-
fold: (a) to obtain theoretical data accurate enough to be useful
to tackle further kinetic and thermodynamic theoretical studies
to complement the existing information on the temperature and
pressure dependence of these reactions and (b) to analyze the
advantages and drawbacks of some of the most popular
theoretical methods (with different basis sets) available to plan
further computational studies on systems that because of their
complexity (size) can only be studied at a given (not too
sophisticated) level of theory.

Theoretical Methods

The PES for the reaction between chlorine atom and ethylene
was explored at different theoretical levels including several
methods: Møller-Plesset perturbation theory (MP2, MP4),30

quadratic configuration interaction (QCI),31 and density func-
tional theory (DFT),32 as well as different basis sets: Pople’s33

6-31G(d,p), 6-311+G(d,p), 6-311++G(3df,3pd), and Dun-
ning’s34 aug-cc-pVDZ. All the geometry optimizations were
carried out at the MP2/6-31G(d,p), Becke3LYP/6-31G(d,p),
QCISD/6-31G(d,p), MP2/6-311+G(d,p), MP2/6-311++G(3df,-
3pd), and MP2/aug-cc-pVDZ levels of theory, thus allowing
us to analyze the performance of the different methodologies
and basis sets for computing PESs of this type of reaction
involving radicals. QCISD(T)/6-31G(d,p) and QCISD(T)/cc-
pVDZ optimizations were also undertaken in some specific cases
(see next section). In the case of the larger basis sets [6-311+G-
(d,p), 6-311++G(3df,3pd), and aug-cc-pVDZ], single-point
calculations at the MP4SDTQ, Becke3LYP, and QCISD(T)
levels were performed as well. The reliability of these single-
point calculations were assessed by employing the 6-31G(d,p)
basis set, for which geometry optimizations at the higher levels
of theory were affordable.

All the structures located on the PES were characterized at
the MP2/6-31G(d,p) and MP2/6-311+G(d,p) levels of theory
by computing the corresponding Hessian matrix, examining the
number of imaginary frequencies from it.
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It is well-established that the use of spin annihilation
techniques to generate spin projected energies is mandatory for
calculations on both reaction energies and barrier heights.13e

Unless otherwise stated, all the energy values reported in this
work correspond to spin projected calculations.

Basis set superposition errors (BSSE) were not taken into
account in the present work by two reasons: (a) In agreement
with a number of previous papers on quite different systems,35

recent works on the reactivity of radical addition to alkenes
conclude that the values of BSSE [as estimated by the
counterpoise procedure (CP)]36 do not converge within the size
of basis sets employed and, what is still worse, the corrections
of the barrier height values for the calculated BSSE drastically
deteriorates the agreement with experiment.13e,hThese anomalies
must be ascribed in part to the overcorrection of the CP method
when applied at correlated levels due to excitations to physically
artifactual excited states involving ghost orbitals.37,38 (b) The
BSSE does not affect the calculation of barrier heights in the
case of processes involving intermediate complexes39 like the

ones studied in the present work. In any case, since the
intermediates located in the present work are quite strongly
bound (see below), it is not expected that the BSSE correction
would convert them into unstable structures.

All the calculations were carried out using the GAUSSI-
AN9440 and GAUSSIAN9841 packages of programs.

Results and Discussion

For the sake of simplicity, only the structures optimized at
the QCISD/6-31G(d,p) level are presented in Figure 1: it
includes the structures for the addition channel (products,TSm,
Iadd, TSadd), a symmetrically bridged structure (TSsb), the
transition structure (TSr) for the rotation around the C-C bond
of the 2-chloroethyl radical, and the structures involved in the
abstraction channel (products,Iabs, TSabs, Pvdw, TSvdw).
Table 1 collects the most representative geometrical parameters
for these structures as computed at the different levels of theory
employed in this work, and Figures S1-S11 of Supporting

Figure 1. QCISD/6-31G(d,p) geometrical parameters for all the structures located in this work (see Table 1 and Figures S1-S11 of Supporting
Information for the geometrical parameters as computed at other levels of theory). Bond distances are given in angstroms, and angles are given in
degrees.
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TABLE 1: Most Significant Geometrical Parameters as Computed at the Different Levels of Theory Employed in This Workb
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Information contain the corresponding drawings. Tables 2-5
collect the energies relative to reactants (C2H4 and Cl) for all
the structures collected in Table 1 (and depicted in Figures S1-
S11 of Supporting Information). The corresponding absolute
energies, the expectation values of the S2 operator (providing
information on the spin contamination), and the unprojected
MP2 [6-31G(d,p), 6-311+G(d,p), 6-311++(3df,3pd), and aug-
cc-pVDZ] absolute energies are included as Supporting Infor-
mation (Tables S1-S8).

I. Geometries.Broadly speaking, according to Table 1, the
geometrical parameters as computed with different methods and

basis sets do not differ too much in the case of reactants (C2H4),
products (CH2ClCH2•, CH3ClCH•, C2H3•), transition structures
for the 1,2-hydrogen shift (TSm), transition structures for the
rotation around the C-C bond (TSr), and transition structures
for abstraction (TSabs). Discrepancies of 0.08 Å for the C-Cl
bond, 0.03 Å for the H(HCl)-C bond, 0.04 Å for the C-C
bond, and 0.01 Å for the C-H bonds are detected. Inclusion of
diffuse and polarization functions [6-311++G(3df,3pd)] leads,
in general, to shorter C-C and C-Cl bond lengths while
Dunning’s aug-cc-pVDZ basis set usually renders larger bond
lengths than Pople’s 6-31G(d,p). Regarding methods, QCISD

TABLE 1: (Continued)

a Values in parentheses and brackets correspond to QCISD(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ results, respectively.b The geometries are
depicted in Figures S1-S11 of Supporting Information. Bond distances are given in angstroms and angles are given in degrees.
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tends to provide longer C-C bonds than MP2 and DFT.
However, DFT systematically predicts longer C-Cl bonds than
MP2 and QCISD.

When considering structures involving long-distance interac-
tions, the discrepancies are more notorious as can be seen in
Table 1 (see structuresIadd, TSadd, Iabs, Pvdw, andTSvdw).
Thus, for example, one of the C-Cl bond distances in the
transition structureTSadd of the addition pathway (see Table
1) changes from 2.738 Å when computed with the 6-31G(d,p)
basis set to 2.607 Å when the extended 6-311++G(3df,3dp)
basis set is used at the MP2 level. Similar discrepancies are
observed when employing different methodologies as shown
in Table 1 for the C-Cl bond distances ofTSadd computed
with MP2 and QCISD methods. This is a direct consequence
of the flatness of the PES in the regions of large intermolecular
distances. However, predictions on the relative orientations of
the two interacting species (see the values of different angles
in Table 1 forIadd, TSadd, Iabs, Pvdw, andTSvdw) are quite
similar for all levels of theory employed, the only exception
being the Becke3LYP/6-31G(d,p) method (see speciallyTS-
vdw). Furthermore, a number of structures (Iadd, TSadd, Iabs,
TSabs) located at the MP2 and QCISD levels are not present
on the DFT PES. The MP2/6-311+G(d,p) level also deserves
further comments on this regard (see below).

II. Energies. The general trend (although with exceptions)
observed for the relative energies of the structures located on
the PES can be summarized as follows: (a) The (full optimized)
QCISD structures tend to become less stable than those
computed at the MP2 level while the opposite is true for the
DFT structures (see Table 2). (b) For the series of Pople’s basis
sets, the structures become more stable as one uses more
extended bases. Dunning’s aug-cc-pVDZ basis set renders
relative energies closer to Pople’s extended basis sets results
(see Tables 3-5). (c) Single-point QCISD(T) and MP4SDTQ
calculations give, in general, less stable relative energies than
MP2, whereas single-point DFT relative energies are usually
more stable (see Tables 3-5).

QCISD(T)/6-31G(d,p)//MP2/6-31G(d,p) single-point calcula-
tions render relative energies similar to the QCISD/6-31G(d,p)
ones. Also, Becke3LYP/6-31G(d,p)//MP2/6-31G(d,p) and
Becke3LYP/6-31G(d,p) relative energies are rather similar. This
confirms our previous observation (see previous section) that,
in some cases, there are only small changes in geometries when
using different methodologies. In the case of the structures
involving two fragments (HCl and C2H3•; Cl and C2H4)

interacting through long distance (van der Waals)42 forces (see
structuresIadd, TSadd, Iabs, Pvdw, andTSvdw) the above
results suggest that the PES must be rather flat. Indeed, Table
1 shows that there is a remarkable reduction in the H(HCl)-C
distance when passing fromIabs (2.232 Å) toTSabs (1.489
Å); however, the relative energies in Table 2 for both structures

TABLE 2: Energies (Relative to Reactants) in kcal/mol for Intermediates, Transition Structures, and Products of the Reaction
between Ethylene and Chlorine Atom as Computed at Different Theoretical Levels Using the 6-31G(d,p) Basis Seta

system MP2 Becke3LYP QCISDb QCISD(T)c MP4SDTQc Becke3LYPc QCISD(T)d QCISD(T)/aug-cc-pVDZd

Iadd -5.6 -3.3 -4.1 -4.3 -13.2 -4.1 -7.0
TSadd -6.3 -3.0 -3.5 -0.9 -13.5 -3.9 -7.5
TSabs 16.0 (-3.8) 18.4 18.3 22.3 9.3 17.2 11.2
Iabs 14.3 15.0 15.6 19.8 11.2 14.6 9.9
TSvdw 14.4 10.9 15.1 15.6 19.8 11.3 14.7 11.5
Pvdw 13.8 10.9 14.9 15.4 19.3 11.5 14.5 9.7
HCl } 17.1 (-3.9) 14.4 (-4.9) 17.6 18.3 22.7 14.9 17.4 13.1C2H3•
CH3ClCH• -21.3 (1.2) -23.1 (0.6) -18.2 -18.2 -18.4 -23.0 -18.0 -19.1
TSm 28.3 (-1.6) 24.6 (-2.1) 34.2 33.2 33.3 25.1 33.0 28.5
CH2ClCH2• -17.3 (1.1) -19.5 (0.7) -14.1 -14.1 -14.5 -18.9 -14.2 -16.6
TSr -15.3 (0.2) -16.4 (-0.2) -12.1 -11.9 -12.4 -16.2 -12.0 -14.5
TSsbe 49.0 (0.1) -13.2 (0.7) 52.6 52.3 55.2 42.7 50.4 44.8
Msb 40.6 (2.2)

a The MP2 and Becke3LYP zero-point energies (relative to reactants and estimated by using the harmonic oscillator model) are given in parentheses
(kcal/mol) for all the structures except those weakly bound.b No Hessian matrix was computed at the QCISD level of theory.c Single-point calculations
on the MP2/6-31G(d,p) geometries.d Single-point calculations on the QCISD/6-31G(d,p) geometries.e The Becke3LYP TSsb is a2A1 while the
rest of TSsb are2B2.

TABLE 3: Energies (Relative to Reactants) in kcal/mol for
Intermediates, Transition Structures, and Products of the
Reaction between Ethylene and Chlorine Atom as Computed
at Different Theoretical Levels Using the 6-311+G(d,p) Basis
Set

system MP2 QCISD(T)a MP4SDTQa Becke3LYPa

Iadd -6.1 -4.8 -4.9 -11.9
TSadd -6.6 -4.4 -1.8 -11.9
TSabs 12.9 14.8 18.6 8.5
Iabs
TSvdw 11.4 12.2 16.2 9.8
Pvdw 11.0 12.1 15.9 10.2
HCl } 13.9 14.7 18.8 12.6C2H3•
CH3ClCH• -22.0 -19.8 -19.7 -20.3
TSm 24.9 29.0 29.3 26.3
CH2ClCH2• -18.4 -16.1 -16.2 -16.9
TSr -16.4 -13.9 -14.1 -14.2
Msb 45.0 47.8 50.3 44.6

a Single-point calculations on the MP2/6-311+G(d,p) geometries.

TABLE 4: Energies (Relative to Reactants) in kcal/mol for
Intermediates, Transition Structures, and Products of the
Reaction between Ethylene and Chlorine Atom as Computed
at Different Theoretical Levels Using the
6-311++G(3df,3pd) Basis Set

system MP2a QCISD(T)b MP4SDTQb Becke3LYPb

Iadd -9.8 -7.6 -8.0 -12.0
TSadd -10.4 -7.5 -5.6 -12.1
TSabs 8.7 11.0 14.0 7.1
Iabs 8.1 9.1 12.4 7.9
TSvdw 8.2 9.3 12.6 8.4
Pvdw 7.8 9.1 12.3 8.5
HCl } 11.3 12.2 15.6 10.6C2H3•
CH3ClCH• -25.7 -22.6 -22.9 -22.6
TSm 20.0 25.0 24.7 24.1
CH2ClCH2• -21.8 -18.8 -19.1 -18.4
TSr -20.0 -16.8 -17.3 -16.0
Msb 38.8 43.3 44.6 41.4

a No Hessian matrix was computed at the MP2 level of theory.
b Single-point calculations on the MP2/6-311++G(3df,3pd) geometries.
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are not too different, thus evidencing the flatness of the
corresponding regions on the PES. On the other hand, the good
agreement between the QCISD/6-31G(d,p) and the QCISD(T)/
6-31G(d,p)//QCISD/6-31G(d,p) (see Table 2) seems to indicate
that the considerable effort required to carry out QCISD(T)
optimizations is barely justified for these systems.43 Indeed, the
QCISD(T)/6-31G(d,p) optimizations carried out forIadd and
TSadd rendered an energy barrier (see Table S1 of Supporting
Information) and geometries (see Table 1) rather similar to those
obtained at the QCISD/6-31G(d,p) level.

The highest level employed in the present calculations
[QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p)] implies the use
of quite sophisticated post-Hartree-Fock methodologies (coupled
cluster theory)44 and basis sets specially designed to be used in
correlated calculations (Dunning’s correlation consistent basis
sets).34 This level of theory seems to be appropriate to compute
transition state geometries and energies for radical reactions.45

III. Bridged Structures. The unexpected preponderance of
1,2-dibromobutane in the product mixture from the radical
bromination of 1-bromobutane46 was attributed to a rate-
enhancing effect of the bromo substituent on the vicinal position.
Skell and co-workers interpreted this result by invoking a
bridged radical.24

Two kinds of symmetrically bridged (C2V) structures were
located on the PES: (a) A2B2 structure was located at the MP2
and Becke3LYP levels of theory. The analysis of frequencies
showed that while the MP2/6-31G(d,p) structure is a transition
structure, the MP2/6-311+G(d,p), MP2/aug-cc-pVDZ and
Becke3LYP/6-31G(d,p) structures are minima (seeTSsb and
Msb in Tables 1-5). (b) A 2A1 structure with no imaginary
frequencies (minimum) was located at all levels of theory (see
Iadd in Tables 1-5) but for the Becke3LYP/6-31G(d,p) level.
A transition structure (2A1) was located at this latter level (see
TSsb in Tables 1 and 2).

IRC calculations20 demonstrated that theTSsbstructures (both
2A1 and 2B2) connect the two possible 2-chloroethyl radicals
via a shuttle (or rocking)28 motion (1,2 migration). The MP2/
6-31G(d,p) transition structureTSsb(2B2) is too high (66.3 kcal/
mol with respect to CH2ClCH2•), but the Becke3LYP/6-
31G(d,p) barrier (2A1) is only 6.3 kcal/mol.

Our 2A1 minimum structure (Iadd) corresponds to that
previously reported by Guerra.25 However, the very flat
minimum structure (2B2) located by Guerra (MP2 calculations
using double-ú plus polarization and bond functions) at large
C-Cl distances represents, according to our calculations [MP2/

6-31G(d,p)], a second-order saddle point (with two imaginary
frequencies). Our2B2 minimum structure, located at different
theoretical levels (seeMsb in Tables 1-5), cannot be identified
with the flat minimum reported by Guerra (while Guerra’s2B2

minimum is about 0.3 kcal/mol stable to dissociation, our2B2

minimum is about 40-50 kcal/mol higher than the dissociation
limit). In any case, our2B2 minimum structure is too high in
energy as to play any significant role in the reaction mechanism.

On the other hand, we were unable to locate, at the MP2/6-
31G(d,p) level, the bridged radical reported by Ihee et al. in
their LMP2/LAV3P study.28 It is aCs structure and consequently
differs from those (C2V) reported by Guerra25 and ours (seeIadd
in Table 1). Moreover, the Becke3LYP/LAV3P minimum
structure reported by Ihee et al.28 coincides basically (both from
the geometrical and energetic viewpoints) with our Becke3LYP/
6-31G(d,p) structureTSsb.

IV. Rotation around the C-C Bond. The rotation around
the C-C bond in 2-chloroethyl radical competes with the 1,2
migration motion mentioned in the previous section. Table 1
collects the most representative geometrical parameters of the
transition structure associated with such a rotation as computed
at different theoretical levels. The experimental barrier, obtained
from ESR measurements, is 4.0 kcal/mol.47 Engels et al.23

computed (MRD-CI) a value (without optimization of the
transition structure) of 4.3 kcal/mol while the MP4/6-311G-
(d,p)//MP2/6-31G(d) barrier is 2.1 kcal/mol.48 Ihee et al.28

reported the values 1.8 (LMP2) and 3.5 (Becke3LYP) kcal/mol.
Our higher theoretical level estimate for the rotational barrier
[QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p)] is 2.1 kcal/mol
(see Table 2). Furthermore, data in Tables 2-5 show that our
computed barrier lies between 1.8 [MP2/6-311++G(3df,3pd)]
and 3.1 kcal/mol [Becke3LYP/6-31G(d,p)], lower than the ESR
estimated value and in good agreement with those of Ihee et
al.28

V. 1,2 Hydrogen Shift. The most stable form of the
chloroethyl radical is the 1-chloroethyl radical (see Tables 2-5).
Table 1 collects the most representative geometrical parameters
of the two radicals involved in the 1,2 hydrogen shift (CH3-
ClCH• and CH2ClCH2•) as well as the transition structure (TSm)
connecting them as computed at different theoretical levels. The
TSm transition structure has no symmetry (C1) and the different
theoretical levels employed provide rather similar geometrical
parameters: C-H-C ≈ 69-70°, H-C1 ≈ 1.300-1.315 Å, and
H-C2 ≈ 1.266-1.287 Å (see Table 1). The computed barrier
height (relative to the 2-chloroethyl radical) does not exhibit a
strong dependence on the method employed, oscillating between
the 42-48 kcal/mol range (see Tables 2-5). The same
conclusions apply to the geometries of the two radicals and their
relative energies as can be seen from inspection of Tables 1-5.

According to Barat et al.49 the barrier height for the
interconversion between 1- and 2-chloroethyl radicals is 38 kcal/
mol. This value was estimated as the sum of the relative stability
of the two radicals (4 kcal/mol), ring strain (27 kcal/mol), and
the barrier for abstraction of hydrogen by a carbon radical (7
kcal/mol). The agreement with our computed values for the
barrier (42-48 kcal/mol) and the relative stability (2.3-4.1 kcal/
mol) is rather good.

VI. Mechanistic Aspects. The geometrical and energetic
information of the PES for the reaction between chlorine atom
and ethylene presented in previous sections allows us to
determine the mechanism through which such a reaction
proceeds. The topology of the PES indicates the existence of
two main pathways, namely, the addition and abstraction
channels.

TABLE 5: Energies (Relative to Reactants) in kcal/mol for
Intermediates, Transition Structures, and Products of the
Reaction between Ethylene and Chlorine Atom as Computed
at Different Theoretical Levels Using the Aug-cc-pVDZ Basis
Set

system MP2 QCISD(T)a MP4SDTQa Becke3LYPa

Iadd -9.6 -7.7 -7.9 -12.6
TSadd -10.0 -7.4 -5.3 -12.8
TSabs 10.2 12.5 16.2 7.1
Iabs 9.7 10.8 14.7 8.8
TSvdw 9.8 10.9 14.9 9.3
Pvdw 9.2 10.6 14.3 9.6
HCl } 13.0 14.0 18.0 11.8C2H3•
CH3ClCH• -21.8 -19.0 -19.1 -21.4
TSm 24.0 28.7 28.7 24.3
CH2ClCH2• -19.4 -16.6 -16.8 -18.4
TSr -17.3 -14.4 -14.7 -15.7
Msb 43.9 46.9 49.7 41.7

a Single-point calculations on the MP2/aug-cc-pVDZ geometries.
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VIa. Addition Channel. Some preliminary results [MP2/6-
31G(d,p) and QCI/6-31G(d,p) results in Table 2] have been
reported elsewhere.50 Therefore, only a brief comment on the
mechanistic aspects emerging from Figure 2, emphasizing the
new results obtained, is presented here.

Figure 2 shows a simplified qualitative scheme representing
the addition channel arising from the MP2 and QCISD calcula-

tions [QCISD(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ optimiza-
tions were also carried out forIadd and TSadd; see below]
and Figure 3 , the corresponding one from DFT (Becke3LYP)
calculations.

According to the MP2 and QCISD calculations, as the
ethylene and chlorine atom approach each other they form a
stable molecular association withC2V symmetry (symmetrically

Figure 2. Addition channel for the reaction between ethylene and chlorine atom as computed at the MP2/6-31G(d,p) level of theory. The QCISD
PES is similar to the one depicted in this figure (although theTSsb structure was not characterized because no Hessian matrix was computed at
this level). MP2/aug-cc-pVDZ calculations provide a similar PES except for theTSsb structure that becomes a minimum and consequently does
not connect the two equivalent CH2ClCH2• radicals anymore.

Figure 3. Addition channel for the reaction between ethylene and chlorine atom as computed at the Becke3LYP/6-31G(d,p) level of theory.
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bridged structure;Iadd) which is connected through aCs

transition structure (asymmetrically bridged structure;TSadd
or TS′add) with the 2-chloroethyl radical. It is important to
remark at this point that the presence ofIadd is strictly needed
from a topological point of view becauseTSadd is lower in
energy than the reactants (see the negative value of the relative
energy of this structure in Table 2). The fact thatTSadd resulted
lower in energy thanIadd at some levels of theory (for example,
at the MP2 level; see Tables 2-5) is an artifact arising from
spin contamination. Indeed, examination of the spin unprojected
MP2 energies forIadd andTSadd (see Table S8 of Supporting
Information and ref 50) demonstrates that, as topologically
required (optimizations are performed on the spin unprojected
PES),Iadd is always lower in energy thanTSadd.

The two possible equivalent conformations of the 2-chloro-
ethyl radical are connected through aC2V transition structure
(TSsb; 2B2 symmetrically bridged structure) located at the MP2/
6-31G(d,p) level (an extensive search for a2A1 transition
structure corresponding to a direct shuttle motion was unsuc-
cessful). The energy barrier associated with this structure is too
high in energy (49 kcal/mol) as to represent a plausible
interconversion pathway (shuttle or rocking motion) connecting
the two possible classical nonbridged 2-chloroethyl radicals. The
same argument applies to the corresponding QCISD structure
provided it were a transition structure (no Hessian matrix was
computed at this level). The stereochemical control exercised
by the chlorine atom reported in experimental studies on
reactions involving haloethyl radicals46 can be explained by the
presence of the two bridged structuresIadd andTSadd located
at both MP2 and QCISD levels on the addition pathway.24

Consequently, the shuttle motion need not be invoked in the
present mechanism unless one would consider that starting at
the global minimum (CH2ClCH2•), going viaTSadd to Iadd
and then fromIadd back to CH2ClCH2• via TS′add (see Figure
2) is a kind of “indirect shuttle motion”.50 In any case, it
represents an alternative to the direct shuttle motion associated
with TSsb. Interestingly, the MP2/6-311+G(d,p) and MP2/aug-
cc-pVDZ PESs do not contain any transition structureTSsb
(as mentioned previously, the corresponding structures on these
PESs were characterized as minima,Msb, when computing the
Hessian matrix).

It must be pointed out that the barrier height (h) associated
with TSadd (h ) TSadd - Iadd) is very small. Indeed, Table
2 shows that QCISD/6-31G(d,p) optimizations predict a barrier
of only 0.3 kcal/mol that disappears when performing single-
point QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p) calculations.
Since we are dealing with rather small energy differences, we
decided to perform QCISD(T) optimizations using 6-31G(d,p)
and cc-pVDZ basis sets [no analytical gradients are implemented
in the GAUSSIAN packages of programs40,41 for the QCISD-
(T) method, and to keep the problem tractable we performed
the calculations using Dunning’s basis sets without the aug-
mented functions. According to our experience,43 rather similar
results should be expected from cc-pVXZ and aug-cc-pVXZ
basis sets for ground states of neutral systems]. Both QCISD-
(T)/6-31G(d,p) and QCISD(T)/cc-pVDZ predicted the existence
of a barrier of 0.3 kcal/mol [the corresponding absolute energies
can be found in the Supporting Information (Tables S1 and S4).
See also Table 1 for the most representative geometrical
parameters] in full agreement with the QCISD/6-31G(d,p)
optimizations. The otherwise small discrepancies observed
between the QCISD(T) optimizations and the single-point
QCISD(T)//QCISD predictions become significant in this

particular case where the barrier associated withTSadd is quite
small.

Up to now, we considered the potential energy surface. It is
well-known that, even though there is no general agreement,51

it has been sometimes suggested that the activated state should
be defined instead with reference to a free energy surface. In
such a context, it can be argued, from a qualitative viewpoint,
that the zero-point energy correction will tend to moveIadd
aboveTSadd because this latter structure loses one vibrational
mode with respect toIadd. However, it should be also expected
that the entropy contribution will act in the opposite direction
(increasing the barrier) asIadd is a much more loosely bound
structure thanTSadd. Unfortunately,Iadd is a weakly bound
system (see its geometry in Table 1). Therefore, intermolecular
vibrations are extremely anharmonic,52 and the standard ap-
proach to compute the zero-point energy corrrection and the
vibrational part of the entropy contribution, namely, the
harmonic oscillator model, is not plausible. In any case,
according to Singleton and Cvetanovic,15 for a mechanism of
the addition reaction like the one proposed here, with previous
formation of a loosely bound complex without activation energy
(Iadd) and its further conversion into products through a
transition structure (TSadd) lower in energy than reactants, the
global activation energy does not depend on the energy
difference betweenTSadd andIadd. It depends on the energy
difference betweenTSadd and reactants (see eq VI and the
discussion on negative activation energies in ref 15). The
important point is the presence of structuresIadd andTSadd,
and, as discussed above, our MP2, QCISD and QCISD(T)
calculations support it (work in progress, involving calculations
at the CASSCF and CASSCF MP2 levels, does provide
additional support).

The two minima rotamers (anti conformations of the 2-chlo-
roethyl radical) are connected through the transition structure
TSr (or TS′r ) which represents a relatively low energy barrier
(1-4 kcal/mol; range of values based upon the theoretical and
experimental estimates).

It is interesting to mention that there is a more stable form
of the formed radical: the 1-chloroethyl radical (see Tables
2-5). However, the energy barrier (TSm) to pass from the
2-chloroethyl radical to the 1-chloroethyl radical is quite high
[45.1 kcal/mol at the QCISD(T)/aug-cc-pVDZ//QCISD/6-31G-
(d,p) level of theory]. Therefore, our calculations suggest that
consideration of thermal decomposition of the more stable
1-chloroethyl radical in kinetic studies of the Cl+ C2H4 reaction
is not required, in agreement with predictions based upon
qualitative assessments of the barrier height associated with
TSm.12,49

The PES predicted by the DFT (Becke3LYP) method is
somewhat different (see Figure 3): on one hand, no intermediate
Iadd or transition structureTSadd are present. The chlorine
atom approaches ethylene following a barrierless pathway
leading to the 2-chloroethylene radical. On the other hand, the
symmetrically bridged structureTSsb connecting the two
equivalent conformations of classical nonbridged CH2ClCH2•
belongs now to2A1 and is only 6.3 kcal/mol higher in energy
than them [the corresponding2B2 transition structure located
on the MP2/6-31G(d,p) PES becomes a minimum at the
Becke3LYP/6-31G(d,p) level of theory according to a vibra-
tional analysis].

In both cases (Figures 2 and 3), the addition reaction between
chlorine atom and ethylene proceeds through a barrier-free
mechanism with an exothermicity of-16.6 kcal/mol [-15.5
kcal/mol after adding the zero-point energy correction;∆G (298
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K, 1 atm)) -9.4 kcal/mol] and-19.5 kcal/mol [-18.8 kcal/
mol after adding the zero-point energy correction;∆G (298 K,
1 atm)) -12.8 kcal/mol] as estimated at the QCISD(T)/aug-
cc-pVDZ//QCISD/6-31G(d,p) and Becke3LYP/6-31G(d,p) lev-
els, respectively (enthalpy and entropy contributions were
obtained at the MP2/6-31G(d,p) and Becke3LYP/6-31G(d,p)
levels, respectively), which is consistent with the experimental
facts that the chlorine addition to ethylene occurs readily having
little or no activation energy and with an exothermicity of-22
kcal/mol.1 However, contrarily to the MP2 and QCISD predic-
tions, the DFT calculations suggest a mechanism in which the
direct shuttle motion could play a relevant role according to
the model of Skell et al.24 to explain the observed stereochemical
control: a dynamic asymmetric bridging where the chlorine
atom oscillates rapidly between the two carbon atoms (shuttle
motion). Nevertheless, the barrier for the rotation around the
C-C bond (3.1 kcal/mol), which is a competing mechanism,
is much lower than the shuttling barrier (6.3 kcal/mol) both
computed at the Becke3LYP/6-31G(d,p) level. Therefore, the
mechanism emerging from the MP2, QCISD, and QCISD(T)
calculations seems to be the most appropriate one to rationalize
the experimental facts. It is an important, although somewhat
frustrating, conclusion of the present study that the Density
Functional Theory (Becke3LYP functional) leads to a rather
different mechanism for the halogenation of alkenes than that
suggested by the ab initio MP2, QCISD, and QCISD(T)
methodologies.

VIb. Abstraction Channel. Figure 4 shows a simplified
qualitative scheme representing the abstraction channel as
computed at the MP2 [with 6-31G(d,p), 6-311++G(3df,3pd),
and aug-cc-pVDZ basis sets] and QCISD/6-31G(d,p) levels of
theory.

According to Figure 4, the abstraction reaction proceeds
through aCs transition structureTSabsto form aCs intermediate
Iabs in which the HCl molecule is almost formed and separated
from the C2H3• final radical (see Table 1). The QCISD(T)/aug-
cc-pVDZ//QCISD/6-31G(d,p) barrier height for this pathway

(h ) TSabs- reactants) is 11.2 kcal/mol, which is consistent
with an experimental activation energy of 3-7 kcal/mol.9-12

Indeed, if we consider the zero-point energy correction [-3.8
kcal/mol at the MP2/6-31G(d,p) level of theory]53 as well as
the 2RT term (∼2 kcal/mol at 500 K) we obtain an estimate
for the activation energy of 9.4 kcal/mol.Iabs transforms into
a C1 bridged structurePvdw through aC1 transition structure
TSvdw involving a rather low energetic barrier [less than 2 kcal/
mol at the QCISD(T)/aug-cc-pVDZ//QCISD/6-31G(d,p) level].
The final products of the abstraction reaction (HCl and C2H3•)
obtained by the gradual separation of the HCl moiety inIabs
or Pvdw (for simplicity the connection betweenPvdw and
P′vdw with the products has not been traced out in Figure 4)
are computed to be 13.1 kcal/mol endothermic at the QCISD-
(T)/aug-cc-pVDZ//QCISD/6-31G(d,p) level [9.2 kcal/mol after
adding the zero-point energy correction;∆G (500 K, 1 atm))
4.8 kcal/mol, with the enthalpy and entropy contributions
estimated at the MP2/6-31G(d,p) level],53 which is not too far
away from the value estimated from the thermodynamical data
tables1,8 (5-6 kcal/mol).

The MP2/6-311+G(d,p) abstraction pathway is slightly
different (see Figure 5). Indeed, no minimum structure corre-
sponding to theIabs intermediate is present. IRC calculations
show thatTSabs is connected withTSvdw provided theCs

symmetry is forced. Otherwise, the reaction proceeds from the
transition structureTSabs to the bridged structurePvdw (the
two equivalent structuresPvdw and P′vdw are connected
through the transition structureTSvdw; see Figure 5). These
results strongly suggest the presence of a branching point (see
BP in Figure 5) in the reaction pathway; that is to say, “along
the path one of the orthogonal motions that breaks the symmetry
of the IRC changes its curvature from positive to negative then
the IRC no longer leads to a minimum but to a saddle point of
first order. The true reaction path does not preserve the
symmetry and it must bifurcate from the IRC at the point (BP
in Figure 5) where the curvature of the normal orthogonal mode
changes its sign”.54

Figure 4. Abstraction channel for the reaction between ethylene and chlorine atom as computed at the MP2/6-31G(d,p), MP2/6-311++G(3df,3pd),
MP2/aug-cc-pVDZ, and QCISD/6-31G(d,p) levels of theory.
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The Becke3LYP/6-31G(d,p) profile (see Figure 6) is quite
different from the previous ones. Reactants transform into aC1

bridged structure (Pvdw) through a C1 transition structure
(TSvdw). TheCs pathway involvingTSabsandIabs structures
is not present on the DFT PES. The intermediatePvdw leads
to the final products (HCl, C2H3•) following an endothermic
pathway. It is important to remark that according to IRC/MP2
calculations while the transition structure connected with
reactants in Figures 4 and 5 (TSabs) is aCs structure, the IRC/
Becke3LYP results indicate that the corresponding transition
structure (TSvdw) has C1 symmetry. Once again (see the
previous section on the addition channel) DFT calculations lead
to a PES that notably differs from those obtained with the rest
of methods considered in the present work. The Becke3LYP/

6-31G(d,p) barrier associated withTSvdw in Figure 6 is 10.9
kcal/mol (due to the foreseeable anharmonicity of the intermo-
lecular vibrations in structures such asTSvdw52 no estimate of
the zero-point energy correction was attempted), and the
predicted endothermicity is 14.4 kcal/mol [9.5 kcal/mol after
adding the zero-point energy correction;∆G (500 K, 1 atm))
6.4 kcal/mol, with the enthalpy and entropy contributions
estimated at the Becke3LYP/6-31G(d,p) level].53 These values
are not far away from the corresponding QCISD(T)/aug-cc-
pVDZ//QCISD/6-31G(d,p) values (9.4 and 9.2 kcal/mol, re-
spectively). Therefore, in the case of the abstraction channel,
although the PESs predicted by the several methodologies are
quite different, all of them seem to be consistent with the

Figure 5. Abstraction channel for the reaction between ethylene and chlorine atom as computed at the MP2/6-311+G(d,p) level of theory.

Figure 6. Abstraction channel for the reaction between ethylene and chlorine atom as computed at the Becke3LYP/6-31G(d,p) level of theory.
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reported experimental activation barrier (3-7 kcal/mol)9-12 and
endothermicity (5-6 kcal/mol)1,8 for this abstraction reaction.

Before finishing, we would like to stress the point that it is
well-known that the presence of stable molecular complexes
on the PES, as the ones described above, might significantly
affect the reaction kinetics (i.e., activation energies and rate
constants).17,13a-c,g Indeed, although the stabilization energies
of such complexes were relatively small,13h the possibility of
formation of new species with relatively weak bonds in radical
recombination reactions needs to be investigated since they
might play an important role in some particular processes where
the entropic contributions are expected to be relatively small
(for example, chemical processes taking place at polar strato-
spheric temperatures).55

Conclusions

Abinitio [MP2,QCISD,andQCISD(T)]andDFT(Becke3LYP)
methods with different basis sets [6-31G(d,p), 6-311+G(d,p),
6-311++G(3df,3pd), and aug-cc-pVDZ] were used to explore
the PES for the reaction between chlorine atom and ethylene.
The main conclusions in the present study can be summarized
as follows:

(a) Geometries: The geometrical parameters obtained with
different methods and basis sets are rather similar but for the
case of structures involving long distance interactions (van der
Waals systems) in which, due to the flatness of the PES, quite
large geometrical variations lead to relatively small energy
changes.

(b) Energies: In general, the QCISD structures tend to
become less stable than those computed at the MP2 level
whereas the opposite is true for the DFT structures. The use of
extended basis sets tends to provide greater stabilization energies
and lower barrier heights. While single-point QCISD(T) and
MP4SDTQ calculations render, in general, less stable relative
energies than MP2, the single-point Becke3LYP relative ener-
gies are usually more stable. The QCISD(T)/aug-cc-pVDZ//
QCISD/6-31G(d,p) barrier heights and relative energies are
consistent with the experimental values for activation energies
and exo/endothermicities, respectively.

(c) Addition channel: The MP2, QCISD, and QCISD(T)
calculations show that the experimentally observed stereochem-
ical control exercised by chlorine atom in reactions involving
haloethyl radicals cannot be explained in terms of a direct shuttle
motion where the chlorine atom oscillates rapidly between the
two carbon atoms (blocking one side of the planar radical site).
The existence of two bridged structures on the PES allows one
to rationalize the experimental facts. The Becke3LYP PES
suggests no stereochemical control as the barrier for the C-C
rotation is lower than the barrier associated with the shuttle
motion. These results complement the pioneering work by
Engels and co-workers and some recent contributions on the
subject. The presence of a minimum and a transition (both
bridged) structure along the pathway connecting reactants and
the product notably simplifies the interpretation of the dissocia-
tion mechanism making the assumption of Engels et al. that a
given structure is at the same time a minimum and a transition
structure unnecessary.

(d) Abstraction channel: A number of weakly bound (van
der Waals) structures were located on the PES at the MP2 and
QCISD levels. Under certain conditions, such as, for example,
at polar stratospheric temperatures, such structures might play
a relevant role in determining the mechanism through which
the reaction between chlorine atom and ethylene proceeds. Slight
modifications of the PES are observed when using the 6-311+G-

(d,p) basis set while the Becke3LYP PES is radically different.
However, all the PESs seem to be consistent with the experi-
mental data available on the activation barrier and endother-
micity for this reaction.

As a general conclusion emerging from the present work,
extreme care must be exercised to choose the appropriate
theoretical level (method+ basis set) to carry out calculations
on reactions involving radicals. Different levels may provide
unlike PES which in turn would suggest distinct mechanisms.
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Supporting Information Available: Geometrical parameters
for the following: the products of the addition reaction between
ethylene and chlorine atom;TSm connecting CH2ClCH2‚ and
CH3ClCH‚ radicals;Iadd; TSadd; C2W; TSr; the products of
the abstraction reaction between ethylene and chlorine atom;
Iabs; TSabs; Pvdw; andTSvdw (Figures S1-S11). Absolute
energies for reactants, intermediates, transition structures, and
products of the reaction between ethylene and chlorine atom as
computed at different theoretical levels using the 6-31G(d,p)
(Table S1), 6-311+G(d,p) (Table S2), 6-311++G(3df,3pd)
(Table S3), and aug-cc-pVDZ basis set (Table S4). Values of
<S2> before and after projection for the HF (Table S5),
Becke3LYP (Table S6), and MP2 (Table S7) wavefunctions
and MP2 unprojected absolute energies (Table S8) for the
reactants, intermediates, transition structures, and products of
the reaction between ethylene and chloride atom as computed
with different basis sets. This material is available free of charge
via the Internet at http://pubs.acs.org.
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