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The dynamics of chlorine-atom reactions with

polyatomic organic molecules

CRAIG MURRAY and ANDREW J. ORR-EWING*

School of Chemistry, University of Bristol,
Cantock’s Close, Bristol BS8 1TS, UK

Chlorine atoms react with a variety of organic molecules by abstraction of anH
atom, making HCl and a radical co-product, and investigations of these reactions
provide a large and valuable body of data for improved fundamental under-
standing of the mechanisms of reactions involving polyatomic molecules. The
kinetics and dynamics of reactions of Cl atoms with alkanes have been extensively
studied both by experimental and computational methods, and the key outcomes
and conclusions are reviewed. These reactions serve as benchmarks for the inter-
pretation of recent experimental data on the dynamics of reactions of Cl atomswith
heteroatom functionalized organic molecules such as alcohols, ethers, amines,
alkyl halides and thiols. Although bearing many similarities to the dynamics of the
alkane reactions, significant differences are found: in particular, the extent of HCl
rotational excitation from reactions of Cl atoms with the functionalized molecules
is much greater than the very cold rotational distributions obtained for H-atom
abstraction from simple alkanes such as methane, ethane, propane and butane.
These observations and the scattering dynamics are discussed in terms of reaction
energetics, barriers and transition state geometries, and evidence is presented for
post-transition-state interactions between the separating HCl and polar organic
radical for which the HCl rotation appears to be a sensitive probe.
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1. Introduction

At the heart of many bimolecular chemical reactions is the transfer of an
atom from one reagent to another, resulting in a change in chemical character.
The simplest realization of such atom transfer reactions occurs between an
atom and a diatomic molecule, denoted by

Aþ BC ! AB þ C ð1Þ

where A, B and C are general labels for the three atoms participating in the
reaction. A change in chemical bonding takes place in the transition region
between separated reagents and products, with simultaneous breaking of the old
BC bond and formation of the new AB bond. Such triatomic systems are attractive
to study both experimentally and theoretically for a number of reasons, mostly
arising from the small number of degrees of freedom for the motions of the atoms.
Within the Born–Oppenheimer approximation, the potential energy of the three-
atom system can be described using only three coordinates (typically two interatomic
separations and an angle between these two directions), giving a 3D potential energy
surface (PES) that controls the motions of the three atoms [1]. Experiments can
measure the effects on chemical reactivity and scattering dynamics of energy that is
selectively provided to the reagents as collision energy, BC vibrational or rotational
energy, and A or BC electronic excitation. The channelling of the excess energy of
the reaction into product translation, rotation, vibration and, in some cases,
electronic excitation can also be probed using a wide range of sophisticated
experimental methods, with the ultimate goal of state-to-state dynamics in which
reagents are prepared in a single rovibrational quantum state and products are
detected with full quantum-state specificity.

Tremendous progress has been made in the fundamental understanding of
chemical reactions from interpretation of the outcomes of reagent-state-selected
and product-state-resolved experiments in combination with theoretical and compu-
tational advances. In particular, modern theoretical chemistry methods allow
calculation of PESs from first-principles quantum mechanics of the interactions
between the electrons and nuclei of the various atoms, and either classical or
quantum mechanical treatments of the motions of the atoms over the course of a
reactive encounter (the reactive scattering) [2, 3]. The outcomes of such calculations
can be compared to experimental measurements, enabling refinements of both
approaches, and the success of this synergistic strategy is best exemplified by the
benchmark reactions HþH2!H2þH (mostly studied using isotopic replacement
of one or more H atoms by D atoms) [4], and FþH2!HFþH [5], for which the
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reactive scattering dynamics can now be quantitatively computed at a level matching
the best experimental measurements. Fascinating phenomena such as non-adiabatic
dynamics (involving switches between adiabatic PESs) [5, 6], and scattering
resonances [7–10] have been definitively characterized, and demonstrate that even
for an apparently simple atom-transfer reaction as denoted by (1), there is actually
immense complexity.

Although the study of reactions of atoms with diatomic molecules has played a
pivotal role in the development of current understanding of the fundamental
mechanisms and dynamics of chemical reactions, such three-atom processes are
not representative of the bulk of chemistry. Many complicated processes, such as
hydrocarbon oxidation, either in a flame [11] or in the Earth’s troposphere [12], can
be reduced to a series of chemical steps involving transfer of one or more atoms, but
the transfer may be between polyatomic radicals and molecules. Even chemical
transformations on the scale of enzyme-catalysed reactions can involve key reactions
with transfer of, for example, an H atom or an Hþ ion [13], and the challenge of
modelling the energetics and mechanisms of these various reactions is stimulating
much new science. To connect with these fast-developing fields and to provide
underpinning, quantitative data that motivate improvements in computational
modelling methods, studies of chemical reaction dynamics must tackle polyatomic
systems. Moreover, reactions of the type exemplified by (1), but in which either the A
or C atom is replaced by a diatomic or polyatomic radical, pose many new questions
of fundamental interest that go beyond what is learned from three-atom reaction
dynamics. For example, reactions may exhibit multiple, competing pathways,
offering the challenge of external (by the scientist) control of the direction of
chemical change [14]. Polyatomic reagents and products have vibrational modes of
different frequencies and symmetries, involving both stretching and bending motions
of the atoms, and thus the effects on reactivity of energizing particular vibrational
modes or, in favourable cases, individual bonds, can be explored [15]. Such studies
may be confounded by internal vibrational energy redistribution (IVR) on time-
scales comparable to, or faster than reaction [16], so careful experimental strategies
are needed. Concepts of stereochemistry are widespread in synthetic chemistry, and
polyatomic participants in a reaction have shapes, polarities and structures.
In addition, reaction may occur at the periphery of a polyatomic molecule, or close
to its centre. All these factors will influence the dynamics. Many important questions
can also be posed as a result of what has been learned in three-atom reactions, such
as the likely importance in polyatomic reactions of scattering resonances, tunnelling
dynamics through potential barriers, and non-adiabatic electronic processes.

A move to the study of polyatomic reaction mechanisms and dynamics brings
many additional experimental or computational challenges. For example, calcula-
tion of scattering dynamics and generation of accurate, fully dimensional PESs
become computationally extremely demanding as the number of atoms in a reaction
increases beyond three, particularly if several of the atoms are heavy (i.e., not
hydrogen) and thus contain numerous electrons. Semi-empirical approaches have
been employed: for example, multiple parametrized London–Eyring–Polanyi–Sato
(LEPS) functions of the type commonly employed for three-atom reactions, can be
combined with additional bending potentials [17]. In certain favourable cases,
potential energy points for a large number of configurations of the many-atom
system have been computed from ab initio electronic structure theory and fitted
to obtain global PESs. Other promising strategies, however, that try to reduce the

The dynamics of chlorine-atom reactions 437

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



computational demands, include interpolation methods [18] and direct dynamics
calculations in which potential energy points are computed on-the-fly only at
required configurations of a scattering calculation [19].

The investment of substantial effort to overcome the challenges posed by
polyatomic reactions is unquestionably worthwhile because of the concomitant
gains in understanding of chemical reactivity. As alluded to earlier, experiments
and calculations can explore many features of polyatomic reactions, including
vibrational mode and bond specificity, competition between, and control of, path-
ways, steric and structural effects, correlations between the rotational and vibra-
tional motions of the two reaction products, and the influence of nearby functional
groups on the dynamics. Despite a lack of chemically accurate PESs for many of the
reactions to be discussed, much can still be learned and predicted about the dynamics
from simple models such as hard-sphere scattering, spectator behaviour, and the
requirement for sufficient energy along the line-of-centres of the reacting molecules.
As will be discussed later, kinematic constraints arising from the requirements for
conservation of linear and angular momentum can be severe in three-atom reactions
represented by equation (1), particularly for certain mass combinations of the
participant atoms, but the additional degrees of freedom in polyatomic reactions
can relax these constraints.

A step-wise strategy for progression from three-atom to polyatom reactions is
advantageous, and many researchers have thus elected to conduct experimental or
theoretical research on reactions of atomic species with polyatomic molecules. The
complexity of a reaction such as that represented by equation (1) is thus increased
through replacement of C with a diatomic or larger radical. The main focus of
attention has been on model H-atom transfer reactions involving oxygen (either
ground-state O(3P) or the more reactive, electronically excited O(1D)), hydrogen, or
halogen atoms. Studies of reactions of O(3P) with saturated hydrocarbons were
recently and comprehensively reviewed by Ausfelder and McKendrick [20].

Abstraction reactions of H atoms from water [21–23] and small alkanes [24, 25]
by a further H atom, represented in a general form as

HþRH ! H2 þR ð2Þ

where R is a radical such as OH or CH3, provide much of the existing experimental
dynamical data. In some cases, quantum mechanical calculations of PESs and scat-
tering dynamics are tractable for these reactions. Experiments tend to be performed
at high collision energies (perhaps 20–60 kcalmol�1) because the most practical
sources of near-monoenergetic H atoms are from ultraviolet laser photolysis of
H2S, HI and HBr, liberating H atoms moving at a few km s�1 or faster [26, 27].
The dynamics of these reactions, studied under these high collision energy con-
ditions, are thus somewhat insensitive to the finer details of low-energy regions
of the PES. Nevertheless, such reactions have been shown to exhibit surprising
bond- and mode-selectivity [21–23].

In this review, we focus on the H-atom abstraction dynamics of reactions of Cl
atoms with organic molecules, represented by

ClþRH ! HClþR ð3Þ

which, as will be argued, are characterized by sensitivity to various interesting
features on the PES such as barriers and shallow wells associated with weakly
bound pre- and post-transition state complexes. The dynamics of Cl-atom abstrac-
tion reactions of H atoms from various classes of organic compounds are described
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here, and contrasted with the equivalent, but much more exothermic reactions of F
atoms [28–30]. The time-scales for the reactions of these heavy atoms are consider-
ably slower than the equivalent reactions of translationally hot hydrogen atoms, and
we will present evidence that slower recoil of the products after H-atom transfer
manifests itself in the rotational dynamics of the products. In certain cases, most
particularly for reactions with CH4, high-quality PESs are now available from
theoretical calculations, enabling detailed comparisons with experimental data.
Laboratory measurements of quantum-state specific scattering for both F and
Cl-atom reactions reveal a very rich dynamical behaviour including correlated
distributions of the vibrations of both reaction products, rotational and vibrational
level dependent scattering, vibrational mode and bond-selective chemistry, and even
first evidence for dynamical scattering resonances.

Many of the Cl-atom reactions represented by (3) are of considerable import-
ance in the chemistry of the Earth’s atmosphere. It is now well established that Cl
atoms react with CH4 in the stratosphere to form the important reservoir comp-
ound HCl, sequestering chlorine and thus inhibiting the catalytic destruction of
ozone [12]. Recent progress in studying the chemistry of the troposphere shows
that, in the marine boundary layer, Cl2 release from sea-salt aerosol by oxidation of
Cl� ions, and subsequent solar photolysis to Cl atoms, initiates oxidation chemistry
of hydrocarbons similar to that driven by OH radicals, and results in O3 formation
[31]. The chlorine-atom chemistry is estimated to increase ozone mixing ratios over
coastal regions of Southern California by up to 12 ppbv (parts per billion by
volume), which is highly significant when compared with a global ozone back-
ground of between 10 and 40 ppbv. Generation of alkyl radicals by Cl-atom reaction
with hydrocarbons is also widely used in laboratory studies to initiate oxidation and
thus to study the mechanisms of reactions of great importance in combustion [32].

The reactions of Cl atoms with alkanes are particularly extensively studied and
much has been learned over the past decade about the dynamics of reactions of
atoms with polyatomic molecules as a consequence of this body of experimental and
theoretical work. The greatest effort has concentrated on reactions of methane and
ethane with Cl atoms, and these two reactions thus provide benchmark systems
against which the dynamics of reactions of other organic molecules can be
conveniently compared. We thus start with a review of the key features of the
various alkane reactions, highlighting what has been learned from reactions of
methane and ethane. Attention is then turned to the reactions of Cl atoms with
functionalized organic molecules such as alcohols, ethers, amines and methyl halides
to unravel the consequences of the addition of a functional group.

The emphasis of the review will be on reactions of ground electronic state Cl
atoms. The lowest energy electronic configuration of a Cl atom is 1s22s22p63s23p5,
giving rise to two low-lying electronic states, Cl(2P3/2) and Cl(2P1/2), separated by a
spin–orbit splitting of 882 cm�1 [33], with the j¼ 3/2 state the lower in energy. Most
experimental studies of Cl-atom reactions employ Cl(2P3/2) ground-state atoms,
which will henceforth be denoted simply as Cl, and thus investigate kinetics and
dynamics on the lowest lying PES which correlates adiabatically to the ground
electronic states of the reaction products. Certain experiments explore the reactivity
of spin–orbit excited Cl(2P1/2) atoms, in particular to investigate non-adiabatic
effects during the course of reactions, and these j¼ 1/2 atoms will be distinguished
throughout by the widely used notation Cl*. Similar considerations will apply to
reactions of F(2P3/2) and F*(2P1/2) atoms with a spin–orbit splitting of 404 cm�1.
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2. Reactions of Cl atoms with alkanes

This section condenses and reviews the existing literature on reactions of Cl
atoms with saturated hydrocarbons. Section 2.1 addresses the known kinetics and
thermochemistry of a variety of representative reactions, and discussion of the
experimental and theoretical studies of the dynamics of the abstraction reactions
is contained in section 2.2, including a summary of the effects of vibrational and
Cl-atom spin–orbit excitation on reactive scattering.

2.1. Reaction thermochemistry and kinetics
Table 1 summarizes the kinetics and thermochemistry of reactions of Cl atoms

with selected small saturated hydrocarbons, and figure 1 compares the energetics of
selected reactions of Cl and F atoms. Enthalpies of reaction derived from experi-
mental measurements are specified at 298K, but vary with temperature and thus
comparisons with ab initio electronic structure theory calculations must be made
with caution unless the 0K calculation results are corrected for temperature effects
(or the experimental values corrected to values for 0K). As can be seen from the error
ranges in the enthalpies of reaction, there remain some considerable uncertainties for
certain reactions because of poorly specified enthalpies of formation of some of the
radical species. In general, however, the abstraction of a primary H atom is clearly
less exothermic than abstraction of secondary and tertiary H atoms.

Rates of many of the H-atom abstraction reactions by Cl atoms have been
extensively studied over wide temperature ranges because of their importance
in atmospheric and oxidation chemistry. The reactions can exhibit non-Arrhenius
temperature dependences so activation energies can be difficult to specify. In
particular, the reaction of Cl atoms with methane,

Clþ CH4 ! HClþ CH3 ð4Þ

has a temperature dependence of the reaction rate over the range 180–800K that,
when plotted in standard Arrhenius-type form, shows curvature away from
Arrhenius behaviour at both the low and high temperature ends of the range.
Ravishankara and Wine [34] postulated a significant contribution to the reaction
from Cl* atoms at below-ambient temperatures down to 221K, but Michelsen
and Simpson [35] fitted the temperature dependence to the expression

kðTÞ ¼ 2:50�1:28
þ0:71 � 10�12 T

298

� �1:27þ0:68
�0:38

exp
� 938�245

þ135

� �
T

� �
ð5Þ

and argued, in the light of more recent dynamical data, that the higher temp-
erature (>298K) deviation from Arrhenius behaviour could be attributed to the
increasing Boltzmann population of excited C–H stretching vibrational modes
(the symmetric �1 and asymmetric �3 stretches) which exhibit faster reaction kinetics
than the ground vibrational level. At low temperatures, reaction is enhanced not
by spin–orbit excited Cl*, but by tunnelling through the potential barrier, and to
a modest extent by low-frequency deformation (often referred to as torsional)
and bending modes of the methane. Thus comparison between calculated
barrier heights and experimental measurements of activation energies is far from
straightforward.

There have been several computational studies of the barrier height and the
structure and geometry of the transition state (TS) for reaction of Cl atoms with
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Table 1. The thermochemistry and kinetics of reactions of F atoms with methane and Cl atoms with various alkanes. Enthalpies of reaction are at 298K,
and from references [28] and [30] unless otherwise specified. Kinetic parameters are the rate constant, k (cm3molecule�1 s�1), Arrhenius pre-
exponential factor, A (cm3molecule�1 s�1), and activation energy, Ea (kcalmol�1).

Reaction �H298/kcalmol�1 Kinetic parameters/cm3molecule�1 s�1

FþCH4!HFþCH3 �31.42� 0.21 k(T)¼1.6� 10�10 exp(�260/T)
k(298K)¼ 6.7� 10�11 [29, 30]
(Ea¼ 0.52 kcalmol�1)

ClþCH4!HClþCH3 þ1.82� 0.10 k(T)¼ 6.6� 10�12 exp(�1240/T) from 200–300K [29, 30]
k(298K)¼ 1.0� 10�13

A¼ 6.6� 10�12

(Ea¼ 2.7 kcalmol�1 (a))
ClþCD4!DClþCD3 þ2.7� 0.10 [98] k(298K)¼ 8.2� 1.0� 10�15 [118]

(Ea¼ 3.9 kcalmol�1)
ClþC2H6!HClþC2H5 �2.08� 0.39 k(298K)¼ 5.9� 10�11 [29, 30]

A¼ 8.6� 10�11

(Ea¼ 0.27� 0.05 kcalmol�1 [45])
ClþC2D6!DClþC2D5 �0.25 [98] k(295K)¼ 8.30� 0.7� 10�12 [176] (Ea¼ 0.75 kcalmol�1 [98])
ClþC3H8!HClþ n-C3H7 �2.77� 0.60 This and the next channel

were not distinguished in kinetics experiments.
ClþC3H8!HClþ i-C3H7 �4.57� 0.39 k(298K)¼ 1.38� 0.03� 10�10 [29, 30]

independent of T [45].
Clþ c-C3H6!HClþ c-C3H5 �3.10� 0.25 [49] k(T)¼ (1.8� 0.3)� 10�10 exp(–(2150� 100)/T)

k(296K)¼ 1.15� 0.17� 10�13 [50]
Clþ i-C4H10!HClþ i-C4H9 �2.01 (0K) [80] k(T)¼ 8.52� 10�11exp(–(292� 6)/T) [47]
Clþ i-C4H10!HClþ t-C4H9 �7.03 (0K) [80] k(T)¼ 2.89� 10�11exp(–(138� 10)/T) [47]
Clþ n-C4H10!HClþC4H9 �2.01� 0.50 (0K) for abstraction

of a 1o H
–5.52� 0.50 (0 K) for abstraction
of a 2o H

k(298K)¼ 2.2� 10�10 independent of T [29]

k(298K)¼ 2.05� 10�10 [30]

Clþ n-C5H12!HClþC5H11 �2.0 for abstraction of a 1o H
�5.4 for abstraction of a 2o H [83]

k(296K)¼ 2.51�10�10 [48]

Clþ c-C6D12!DClþ c-C6D11 �8.0� 2.0 (at 0K) [61] k(294K)¼ (1.3� 0.5)� 10�10 [61]

(a) Ea is difficult to specify because of curvature in the Arrhenius plot (see text for a discussion).
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methane. The Cl�H�C group is unarguably collinear in the minimum energy
geometry of the TS (which thus has C3v symmetry), and the TS occurs late on the
reaction coordinate, but obtaining a correct value of the barrier height is challenging
and requires careful treatment of electron correlation effects. Donahue and
co-workers proposed a model in which the barrier height for this and other
radical–molecule reactions is determined by the energy gap to the lowest ionic
PES [36]. In early calculations, Truong et al. [37] used second- and fourth-order
Møller–Plesset perturbation theory methods (MP2 and MP4) with a variety of basis
sets and obtained a best estimate of the forward barrier height of 7.9 kcalmol�1.
Inclusion of zero-point energies corrects this value to a vibrationally adiabatic
barrier height of 3.5 kcalmol�1 and a reaction endothermicity (at 0K) of
1.2 kcalmol�1, both in good accord with experimental data. Dobbs and Dixon
[38] overestimated the activation energy by >1kcalmol�1 at the MP2 level with a
triple-zeta basis set, so obtained computed reaction rates that were significantly too
low. Their density functional theory (DFT) calculations, on the other hand, returned
a barrier that was much too low when corrected for zero-point energy effects.

Despite the computational challenge, potential energy surfaces have been
calculated for reaction (3), some incorporating the full dimensionality of the six-
atom system [17, 39–41] and variational transition state theory (VTST) used to
compute temperature-dependent rate constants that show impressive levels of
agreement with experimental data [39, 42, 43]. Troya et al. [43], for example,
obtained rate constants over the temperature range 200–500K using high-level
ab initio potential energies along the minimum energy pathway for reaction.
Unrestricted second-order Møller–Plesset perturbation theory (UMP2), with a
6–311G(2df, 2pd) basis set was used for geometry optimizations and harmonic
frequency calculations of stationary points and connecting pathways, and the
energies recalculated using spin projected unrestricted fourth-order Møller–Plesset
perturbation theory (PUMP4) with the same basis set. An ab initio energy barrier of
2.83 kcalmol�1 (including zero-point energy corrections) was obtained that com-
pares very favourably with the experimental activation energy of �2.7 kcalmol�1

(see Table 1). VTST calculations with tunnelling corrections gave rate constants
that are in excellent agreement with recommended experimental values: for example,

Reagents Barrier Products
-35

-30

-10

-5

0

5

HF + CH3

HCl + C2H5

HCl + CH3

Cl-H-C2H5

F-H-CH3

Cl-H-CH3

en
er

gy
/k

ca
lm

ol
-1

reaction pathway
Figure 1. Reaction energetics for the ClþCH4, ClþC2H6 and FþCH4 reactions specified

at 298K. Barrier heights are derived from temperature-dependent kinetic studies.
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at 300K the experimental and computed values are 1.0� 10�13 and 1.1�
10�13 cm3molecule�1 s�1, respectively. Calculations by Duncan and Truong [42, 44]
of vibrationally selected reaction rates showed that excitation of the CH4 symmetric
stretch vibrational mode enhanced the H-atom transfer rate, and a low-frequency
umbrella-type vibration also promoted reaction. HCl vibration promoted the reverse
reaction, but the CH3 �2 umbrella vibration, which might also be judged to be along
the reaction coordinate, had an inhibiting effect. These conclusions are supported by
subsequent calculations [39, 40].

Recent experimental studies from Taatjes and co-workers [45], and a body of
experimental data incorporated in tables of recommended kinetic parameters
by Atkinson et al. [28–30], show straightforward Arrhenius-type temperature
dependence of the rate constant for reaction of Cl atoms with ethane (reaction (6)
below) over the range 292–600K (with some curvature for 600–800K) and evidence
for a very low barrier to reaction. These studies and compilations report no
temperature dependence, and thus no significant barrier for reaction of Cl atoms
with propane (reactions (7a) and (7b), which cannot be distinguished in the kinetics
experiments) over the range 292–700K. Sarzynzki and Sztuba [46], however,
observed a weak temperature dependence for reactions (7a) and (7b), with respective
activation energies of 0.14� 0.03 and �0.21� 0.06 kcalmol�1. The negative value
was attributed to formation of a very weakly bound complex, and reaction of Cl
atoms with n-butane exhibited similar Arrhenius behaviour. The activation energies
for abstraction of a primary and the tertiary H atom from i-C4H10 were reported
to be 0.58� 0.01 kcalmol�1 and 0.27� 0.02 kcalmol�1, respectively [47]. No tem-
perature dependence has been reported for the Clþ n-C5H12 reaction, although
the reaction is rapid [48].

Clþ C2H6 ! HClþ C2H5 ð6Þ

Clþ C3H8 ! HClþ n�C3H7 ðCH2CH2CH3Þ ð7aÞ

! HClþ i�C3H7 ðCH3CHCH3Þ ð7bÞ

By way of contrast, the endothermic reaction [49] of Cl atoms with cyclopropane,
which forms the cyclopropyl radical

Clþ c�C3H6 ! HClþ c�C3H5 ð8Þ

shows a temperature-dependent rate with a deduced activation energy of
4.3� 0.2 kcalmol�1 [50].

Computational studies of the energetics and kinetics of reactions of Cl atoms
with alkanes other than methane remain scarce. Ab initio calculations of the
transition state structures and activation energies of the reactions of various
halogen atoms with ethane and propane [51] at levels of theory up to MP4 with a
6–31G(d) basis set show near-collinear X–H–C groups in the transition state
(X¼F, Cl or Br). Barrier heights are, however, overestimated. VTST and kinetic
isotope effect (KIE) calculations for the ethane reaction have been undertaken
using dual level ab initio methods [52, 53]. A small but non-negligible barrier to
reaction is found from experiments, but the ab initio calculations struggle to
reproduce this: for example, MP4/cc–pVTZ level calculations give a negative
activation energy of Ea¼ –0.1 kcalmol�1 [53]. The exothermicity of the reaction
is, however, well duplicated by the calculations, and rate constants were derived
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that were within a factor of 2.6 of those measured experimentally. Computational
studies of the dynamics of some of these reactions will be discussed later.

Taatjes and co-workers also investigated the temperature-dependent rates of
reaction of Cl atoms with some selected unsaturated hydrocarbons. Propene
(CH3CH¼CH2) reaction with Cl exhibits simple Arrhenius behaviour at tempera-
tures from 400 to 800K, with direct abstraction of an H atom, but at temperatures
below 400K there is clear evidence of adduct formation [54]. Ethene (CH2¼CH2)
reacts with a Cl atom at room temperature and below via addition to form a
chloroethyl radical, with HCl produced by a secondary reaction [55]. Above 500K,
however, direct abstraction of an H atom dominates. Reaction of Cl with allene
(CH2¼C¼CH2) for T¼ 292–850K shows an addition mechanism at low T (to
form the resonance stabilized chloroallyl radical) that switches to direct HCl
formation via abstraction at higher temperature, with an HCl yield of unity at
800K [56]. Reaction with the isomeric molecule propyne (HC�CCH3) occurs by
competing addition and abstraction mechanisms, with abstraction dominating at
temperatures above 500K. This review will, however, concentrate on the dynamics
of reactions of the saturated hydrocarbons, rather than be diverted by the interesting
addition and elimination pathways observed for some of the unsaturated molecules.

It is particularly noteworthy that, of the usual saturated hydrocarbons (methane,
ethane, propane, butane, etc.) only methane exhibits a significant activation barrier
in its reaction with Cl atoms, and it is the only endothermic reaction. This distinction
makes the methane reaction somewhat atypical, and will be an important considera-
tion in the comparisons of dynamics of reactions of alkanes and functionalized
organic molecules with chlorine atoms in subsequent sections.

For the purposes of comparison, we consider briefly the equivalent reactions of
F atoms with alkanes. A striking feature, as illustrated in figure 1, is that the
F-atom reactions are all much more exothermic than the near-thermoneutral
Clþ alkane reactions because of the energy gained from formation of the
strong HF bond [28, 29]. Transition states thus tend to be earlier along the
reaction coordinate and the excess energy of the reaction is channelled very
efficiently into vibrational excitation of the nascent HF. Thus, for example, Kim
and Setser [57] monitored IR emission from HF from reaction of F atoms with a
series of cyclic alkanes from cyclohexane to cyclodecane. The HF was formed mostly
in v¼ 2, with 50% of the available energy converted to HF vibration.

2.2. Reaction dynamics
The dynamics of H-atom abstraction reactions of Cl atoms with alkanes show a

richness and diversity that is, on first encounter, quite baffling. Careful study by
several groups over the last decade has, however, highlighted some useful trends and
simplified models that can account for most of the experimental observations in an
intuitive and satisfying manner. As such, the dynamics of these reactions provide
valuable benchmarks against which other polyatomic molecule reactions can be
compared.

For reactions of C3 and higher non-cyclic alkanes there are competing pathways
for abstraction of primary (1�), secondary (2�) and perhaps tertiary (3�) H atoms.
The thermochemistry of these different channels is illustrated in Table 1 for propane,
n-butane, i-butane and n-heptane. Partial deuteration of the alkane, and meas-
urement of HCl and DCl reaction products, can be used to deduce the relative
reactivities of H (or D) atoms bonded in different (1�, 2� or 3�) environments within
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the alkane. With correction for the number of available H or D atoms at a particular
site in a target molecule, the central, 2� H atoms in propane were estimated to be
2.7� 0.4 times more reactive than terminal, 1� H atoms despite the latter being
more exposed to approach of Cl atoms [58, 59]. Similarly the HCl-to-DCl ratio of
3.3� 0.4 for reaction of Cl atoms with the mono-deuterated t-butane (CH3)3CD
demonstrates a 2.7-fold greater reactivity of the individual 3� D atom when
corrected for the 9-to-1 statistical ratio of sites [60].

2.2.1. Rotational distributions of the HCl products of Clþ alkane reactions
The first experiments that measured the nascent rotational excitation of products

of a Cl-atom reaction with an alkane were carried out by Flynn and co-workers [61],
who used diode laser absorption to monitor the DCl (v 0

¼ 0, J 0) products of the
reaction with perdeuterated cyclohexane:

Clþ C6D12 ! DClþ C6D11 ð9Þ

Two collision energy regimes were employed, with mean values of 5.3 and
14.3 kcalmol�1 in the centre-of-mass (CM) frame, and 95% of the DCl was
estimated to be formed in its vibrational ground state. Very little of the available
energy (only 2%) was, on average, channelled into DCl rotation, with the bulk of
the energy partitioned between product translation and internal excitation of the
C6D11 radical. The fraction of the available energy becoming internal energy of this
radical, fint, was determined to be 0.60 and 0.37 at the two respective collision
energies of 5.3 and 14.3 kcalmol�1. Efficient mapping of increasing collision energy
into product translation, as was observed, is typical of the constrained kinematics
of reactions such as (9) in which a light atom is transferred between two heavy
particles. The C6D11 radical was argued to behave like a spectator, making little or no
contribution to the scattering dynamics, but accounting for some considerable
fraction of the available energy either because of reorganization of the structure
of the C6D11 framework after loss of a D atom from the equilibrium geometry of
C6D12 (an idea further developed by Suits and co-workers [62] to interpret their data
on O(3P)-atom reactions with alkanes) or through statistical excitation of the
45 vibrational modes. This latter suggestion was deemed unlikely for a direct
abstraction reaction. Most puzzling was the observation that the DCl products were
very rotationally cold, because this observation strongly implies a near-collinear
Cl�D�C geometry during the recoil of the DCl: any deviation from collinearity
would result in a torque about the DCl centre of mass, and thus DCl rotational
excitation. Similar arguments were proposed by Andresen and Luntz [63, 64] to
account for the very rotationally cold OH radicals observed in reactions of O(3P)
with a variety of alkanes. Such a constrained geometry, most probably enforced by a
steeply rising potential energy for geometries deviating from the collinear minimum
energy path, is hard to reconcile with the large reaction rate constant (see Table 1),
and thus low activation energy and large Arrhenius A-factor which imply few
geometrical constraints in the transition region and a ‘loose’ transition state. Flynn
and co-workers proposed that rotational reorientation of the C6D12 on approach
of Cl, to ensure collinear attack at a D�C bond, would be too slow, but that
large-amplitude zero-point bending vibrational motion of a D atom might success-
fully bring the Cl into a head-on geometry with the D�C bond. The apparent
contradiction between low rotational excitation of DCl or HCl reaction products
and kinetic measurements, as well as broad angular scattering distributions observed
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in more recent experiments (vide infra), is a recurring theme in the reactions of
Cl atoms with alkanes.

Innovative experimental approaches employed by Zare and co-workers [65–74]
have played a very important part in developing a deep understanding of the
dynamics of reactions of Cl atoms with small alkanes, both by making observations
that ran contrary to the received wisdom at the time, and by stimulating numerous
theoretical studies. The extensive programme of study over the past 12 years in
Zare’s group was initiated by some ground-breaking experiments by Simpson et al.
[65–69] in which CH4 was prepared vibrationally excited with one quantum of the
triply degenerate asymmetric stretch mode, �3, using the infrared beam from an
optical parametric oscillator (OPO). Cl atoms were generated by UV photolysis of
Cl2 that was co-expanded with the methane through a small orifice in a pulsed
nozzle into a high-vacuum chamber. The nascent HCl molecules formed from the
state-to-state reaction

Clþ CH4ð�3 ¼ 1, JÞ ! HClðv0J 0Þ þ CH3 ð10Þ

were quantum-state specifically probed by resonance enhanced multiphoton
ionization (REMPI), with the HClþ ions detected within a time-of-flight mass spec-
trometer (TOF–MS). The so-called ‘photoloc’ method, developed independently
by Shafer et al. [75] and by Brouard and co-workers [76], was used to derive CM
frame differential cross-sections (DCSs) by analysis of the laboratory frame velo-
city distributions of the HCl molecules (which determine the arrival times of the
HClþ ions at the detector of the TOF–MS, and thus the shapes and widths of
the TOF profiles). Simpson et al. measured HCl rotational level population
distributions for both v 0

¼ 0 and 1 reaction products, and, most surprisingly,
observed that despite being very rotationally cold, the HCl (v 0

¼ 1, J 0
¼ 0–3)

products exhibited pronounced forward scattering in the CM frame [65, 68, 69].
This observation was at odds with the widely accepted arguments of Andresen
and Luntz [63, 64], put forward in the context of reactions of O(3P) with alkanes,
that low rotational excitation of the diatomic product following an H-atom
abstraction reaction must be indicative of a collinear moiety in the transition state
of the reaction, and thus should be associated with backward scattering in the
CM frame. The HCl (v 0

¼ 0, J 0) products of reaction (10) were indeed formed
mostly backward-scattered, but the CM frame DCSs for HCl (v 0

¼ 1, J 0) also
exhibited some dependence on the rotational level of the HCl, with more
pronounced forward scatter for the lower J 0 levels, and an increasing component
of backward scatter for J 0

¼ 3. Higher J 0 levels were only weakly produced in the
reaction.

The observation of forward scatter for the HCl (v 0
¼ 1, J 0) products is an example

of a phenomenon that is increasingly observed in quantum-state resolved experi-
ments of forward scattering for the thermoneutral channel (i.e., the channel in
which there is little or no change in the kinetic energies of the reactants through to
the products, so any energy release from the reaction appears as internal energy of
the products). By aligning the CH4 (or CD3H) vibrations in the laboratory
frame using polarized IR excitation, Simpson et al. [68] were able to demonstrate
that the reactions leading to forward scattering were occurring for side-on attack of
Cl atoms at a C–H bond at large impact parameters, corresponding to reaction at
the periphery of the target molecule [77]. Stripping of the H atom barely perturbed
the forward trajectory of the Cl atom, so kinetic energy was largely conserved and
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a non-impulsive transfer of the H atom was suggested to account for the low HCl

rotation. Lower impact parameters were associated with more backward-scattered

products and the greater impulse required to turn around the heavy HCl molecule in

the CM frame could thus explain the greater rotational excitation of the back-

scattered HCl. These studies prompted many further experiments on the dynamics

of Cl-atom reactions with small alkanes, and DCSs have now been reported for

the reactions of Cl atoms with ethane [70–73, 78], propane [79], butane [80–82], and

pentane [83]. Where HCl rotational level-dependent DCSs have been extracted, the

higher J 0 products show greater backward scattering, consistent with the arguments

presented above.

In all the reactions studied so far of Cl atoms with saturated hydrocarbons,

the HCl (or DCl) products are observed to form with very low degrees of rotational

excitation. REMPI detection schemes require careful calibration to convert nascent

spectral line intensities to relative populations of quantum states, but this is rout-

inely achieved by recording spectra of room-temperature HCl, which is, of course,

randomly distributed over mJ states (i.e., not aligned or oriented). The results of

three independent experimental studies are shown in figure 2 for reaction (4) of Cl

atoms with methane (not prepared vibrationally excited) [69, 80, 84], and figure 3

shows the outcomes of measurements for reactions of a series of different hydro-

carbons. In Table 2, the data are summarized as mean rotational energies and

rotational temperatures obtained from Boltzmann plots of the rotational population

distributions. There is some correlation of rotational energy with increasing

exothermicity of the reaction, as is apparent, for example, for 1� versus 2� H-atom

abstraction [82]; nevertheless the conversion of available energy from the reaction

into rotational excitation of the HCl is extremely inefficient, typically corres-

ponding to fractions of less than 0.04 (with reaction of Cl atoms with methane

the exception because of the much smaller available energy for this endo-

thermic process). The dynamics thus appear to be similar to the analogous H-atom

abstraction reactions of O(3P) atoms with alkanes [20, 63], for which the OH
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Figure 2. Nascent HCl (v 0

¼ 0, J 0) rotational population distributions from the ClþCH4

reaction measured experimentally by Murray et al. (g) [84], Simpson et al. (*) [69]
and Varley and Dagdigian (f) [80]. Also shown are the results of reduced
dimensionality QCT calculations performed by Troya et al. (j) [43].
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radical products are invariably formed rotationally cold, but the inference by
Andresen and Luntz [63, 64], supported experimentally by Suits and co-workers
[62] using crossed molecular beam and velocity map imaging methods (but some-
what at odds with results of Tsurumaki et al. [85]), of backward-scattered products,
does not apply to the Cl-atom reactions, as will be demonstrated below.

A number of models exist for analysis and interpretation of rotational distribu-
tions, largely based on statistical treatments [1], kinematic constraints, or classical,
impulsive dynamics [86–91]. Statistical treatments apply if there is formation of a
reaction complex long-enough lived for statistical redistribution of energy and
angular momentum, and thus a well on the PES is required. For hydrogen-atom
transfer between two heavier atoms, conservation of angular momentum argu-
ments demonstrate a kinematic tendency for the orbital angular momentum of
the reagents (L) to be largely conserved in the products (i.e., L!L0), but tell us
little about the rotational angular momenta of the two products. If impulsive
models are used to try to account for the very low rotational excitation of the
HCl, then, because of the transfer of a light atom between two relatively heavy
particles, the torque about the centre of mass of the newly forming HCl will be
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Figure 3. Nascent HCl (v0 ¼ 0, J0) rotational population distributions for the reactions of Cl

atoms with the alkane series methane (g) [84], ethane (*) [152], propane(m) [80],
and butane (j) [80].

Table 2. Mean rotational energies, rotational temperatures and rotational fractions of the
total available energy for HCl products of reactions of Cl atoms with alkanes at mean
collision energies Ecollh i, specified in units of cm�1 for ease of comparison with the HCl
rotational energies.

Reaction Ecollh i /cm�1 Eroth i /cm�1 Trot /K frot Reference

ClþCH4!HClþCH3 1295 64� 4 88� 6 0.093 84
ClþC2H6!HClþC2H5 1895 69� 5 117� 5 0.023 152
Clþ n-C3H8!HClþC3H7 3760 117 0.024 80
Clþ i-C4H10!HClþC4H9 4100 175 0.034 80
Clþ n-C4H10!HClþ n-C4H9 2580 60 0.02 82

!HClþ s-C4H9 170 0.04 82
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large unless the deviation of the Cl–H–C moiety away from collinearity is very
small. Indeed, impulsive models predict that the ffCl–H–C angle must be no greater
than a few degrees away from 180� for the reaction of Cl atoms with CH4 to account
for HCl formed predominantly in J 0

¼ 0, 1 and 2. Valentini and co-workers [92]
have considered further the consequences of the mass combination for such reactions
(termed a heavyþ light–heavy, or HþLH system) on the maximum fraction
of the available energy that can be channelled into internal excitation of the
reaction products, using a simplified model of reflection of trajectories from the
inner repulsive wall of the appropriate PES. If the PES is plotted in mass-weighted
coordinates [1] the skew angles for HþLH systems are small, and there are strong
constraints on the rotational excitation of the HCl. Although the model is overly
simplistic in treating such reactions as pseudo-triatomic systems, with neglect of
the internal degrees of freedom of the radical co-product, it does moderately
successfully predict the maximum rotational quantum number of the HCl that
can be formed from reaction of Cl atoms with CH4 (J 0

max¼ 3) and C2H6 (J 0
max¼

9). What it does not do, however, is account for the distribution of J 0 values up to
this maximum, and thus does not explain on kinematic grounds alone the very
low rotational excitation of the HCl.

2.2.2. Scattering dynamics and differential cross-sections
The DCSs measured for the reaction of Cl atoms with ground-state methane

are strikingly different from those reported for reactions of Cl atoms with other
alkanes. Independent measurements for reaction of Cl atoms with CH4 and CD4 by
Zare and co-workers [74], Vallance and co-workers [93], and definitive imaging
studies from Liu and co-workers (see figure 4) [94], show that the DCl products of
reaction of Cl with CD4 are strongly backward-scattered, indicating rebound-type
dynamics, and that reaction with CH4 leads to HCl also scattered into the backward
hemisphere but in a more sideways direction. These are to be contrasted with the
results for vibrationally excited methane [65, 66, 68] in which a forward scattering

(a) (b)

Figure 4. Velocity-flux contour maps for the methyl radical products of reactions of
Cl atoms with (a) CD4 at a collision energy of 4.78 kcalmol�1 and (b) CH4 at a
collision energy of 4.60 kcalmol�1. The angular coordinate shows the CM-frame
scattering angle, with 0 and � radians, respectively, corresponding to forward
and backward scattering of the methyl radical. The radial coordinate is the
methyl radical speed in the CM frame. Structures labelled as 0, 0* and 0**
correspond, respectively, to CD3 or CH3 moving at speeds consistent with
formation from CD4 or CH4 in its vibrational ground state (v¼ 0), v4¼ 1 or v4¼ 2
levels. The figure is adapted from ref. [94].
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channel was observed, as described earlier. Many of the outcomes of these experi-
ments can be tied together within an overall picture for the dynamics of Cl-atom
abstraction of H atoms from saturated hydrocarbons that draws on relatively simple
models. The scattering distributions can be successfully accounted for using a
hard-sphere scattering model, in which low impact parameter collisions lead to
backward and side scattering, coupled with a requirement for sufficient collision
energy along the line-of-centres to surmount the collinearly favoured barrier to
reaction. Using a combination of these models, Simpson et al. [69] were able to map
the ranges of impact parameters for Cl-atom reaction with CH4 that lead successfully
to reaction, and showed how vibrational excitation of the CH4 results in an opening
up of the range of successful impact parameters, with a shell of large impact
parameters giving the forward scattered HCl (v0 ¼ 1) products. This semi-quantita-
tive analysis of the data is consistent with the notion of peripheral reaction dynamics
leading to forward scattered products in cases when there is not a significant
barrier to reaction.

The scattering dynamics is remarkably well treated using a combination of
hard-sphere scattering and line-of-centres models [1] of the reactive collision, as
first showed by Simpson et al. [69] and adapted by Kim et al. [95] to incorpo-
rate translational energy release. In essence, collision of two hard spherical part-
icles occurs at a distance d that is the sum of their radii, and the scattering angle, �,
is determined by the impact parameter, b, according to:

cos � ¼
2b2

d2
� 1 ð11Þ

Large values of b (tending to d), and thus glancing or ‘peripheral’ collisions, are
thus seen to be necessary to give forward scatter. Approach of the two particles
with total translational energy ET and a centre-to-centre separation R at non-zero
impact parameter results in some of the available energy becoming centrifugal
energy (ETb

2/R2), and the total available energy must exceed a threshold to reaction,
E0, that is the sum of the potential energy barrier and the centrifugal energy barrier.
The model supposes that this threshold occurs at distance R¼ d and the kinetic
energy along the line-of-centres that can be used to surmount this threshold
barrier is the total kinetic energy minus the centrifugal energy, ET(1 – b

2/d2). This
condition places a maximum value on the impact parameter beyond which the
threshold energy cannot be overcome, of:

bmax ¼ d 1�
E0

ET

� �1=2

ð12Þ

The correlation between impact parameter and scattering angle, (11), means
that such constraints on b will map into restrictions on the DCS. For a simple
opacity function P(b) describing the reaction probability as a function of the impact
parameter, that is constant up to a maximum b and zero beyond, the hard-sphere
and line-of-centres models predict a differential cross-section d�/dcos� that is
uniform from backward scattering (cos �¼�1) up to a maximum value of cos �
given by

ðcos �Þmax ¼ 1�
2E0

ET
ð13Þ
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beyond which the DCS is zero. Note that the maximum scattering angle depends
upon the collision energy.

Although very simple, the model does surprisingly well, for example predic-
ting cut-offs in the scattering angle for ClþCH4 and ClþCD4 of, respectively, cos
�max¼�0.5 and �0.8 that are in reasonable accord with experiments. The line of
centres is, however, less clearly defined for collisions of non-spherical particles:
for methane we can take the line between the Cl and C atoms, but for reaction
with ethane and larger hydrocarbons, we might choose the CM of the molecule, or
the C atom at which H-atom abstraction takes place. A further important point
about the model is that if the H atom is transferred along the line between the Cl
and C atoms, which will be close to the direction of transfer of momentum, there will
be no torque and the HCl will form rotationally cold. The critical geometry for
reaction will thus correspond closely with the minimum energy geometry for the
TS for ClþCH4 (or ClþC2H6) as obtained from ab initio calculations.

Incorporation of repulsive energy release into this model modifies the outcomes
somewhat but also provides important insights [95]. If �E is the kinetic energy release
associated with an impulse at the point of contact of two hard spheres, there will be
an associated deflection of the relative velocity of the two particles that results in a
minimum scattering angle away from the forward direction (�¼ 0�) such that cos �
takes a maximum value that depends upon the ratio �E/E, where E is the initial
kinetic energy. Thus even glancing collisions close to the maximum impact par-
ameter will be deflected away from the fully forward scattering direction by
impulsive energy release. For a thermoneutral channel, with �E¼ 0 and thus no
change in the kinetic energy over the course of the reaction, equation (13) applies
and the near thermoneutral reaction can give fully forward scatter, but as the im-
pulsive energy release increases, larger deflection angles result in more backward
scattering of the reaction products. The model thus rationalizes the experimental
observation that, when reaction can occur over a wide range of impact parameters
(when there is no significant barrier to reaction), forward scattering is generally
associated with the thermoneutral products such as ClþCH4 (�3¼ 1)!HCl
(v 0

¼ 1)þCH3 (v 0
¼ 0), whereas more backward-scattered products are observed

for the channels with greater kinetic energy release, such as ClþCH4 (�3¼ 1)! HCl
(v 0

¼ 0)þCH3 (v
0
¼ 0).

Qualitative application of the hard-sphere scattering and line-of-centres models
of the scattering dynamics also does well in describing the outcomes of meas-
urements of DCSs for the reaction of Cl atoms with ethane. In this case (as well as
for reaction of Cl atoms with higher alkanes [80, 81, 82]), as illustrated in figure 5,
much broader angular distributions of HCl are observed than for ClþCH4, with an
increasing propensity for backward scatter for the small fraction of reaction
products formed in HCl rotational levels from J 0

¼ 6 to J 0
¼ 8 [70, 78]. The majority

of products are formed in J 0
¼ 0–3 and exhibit broad scattering that is forward

peaking. The key difference for ethane (and higher alkanes) as compared to the
methane reaction (4) is that the latter reaction has a relatively high barrier (estimated
to be 2.7 kcalmol�1); the reactions of Cl atoms with higher alkanes are all known to
have much smaller or non-existent barriers. The line-of-centres model thus puts
much greater constraints on the impact parameters for attack of Cl atoms at
methane than for the other reaction systems, resulting in less forward scatter.
An angle-dependent barrier height also enforces tighter restrictions on the attack
angle at an H�C bond; in the jargon of the dynamical stereochemistry community,
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this is referred to as a tighter cone of acceptance for approach of the Cl atoms to
methane for successful reaction [96]. In the barrierless or near-barrierless reactions of
Cl atoms with other alkanes, a cone of acceptance with a very wide opening angle
leads to reaction at a broad range of impact parameters and thus broad scattering in
the CM frame. There are few, if any steric constraints on the approach of the Cl
atom and thus a molecule such as ethane appears chemically as a ball of H atoms any
one of which can be abstracted either by Cl atom attack straight-on or side-on to a
C–H bond. C–H stretching vibrational excitation of the C2H6 molecule thus barely
affects the reaction probability or the scattering dynamics (only weakly enhancing
formation of HCl in J 0 states greater than 3) despite the �3000 cm�1 greater internal
energy of one reagent [71], unlike reaction (10) in which the internal excitation of the
CH4 enhances reactivity by a factor of �30 and opens up forward scattering
dynamics. One interpretation of this latter result is that the internal excitation of
the CH4 essentially eliminates the barrier to reaction characteristic of the methane
system, and thus the vibrationally excited methane behaves dynamically much more
like ethane and higher alkanes in its reactions with chlorine atoms.

2.2.3. HCl/DCl rotational alignment
Further insight into the mechanisms of hydrogen-atom transfer comes from

measurements of the scattering-angle dependence of the spatial alignment of the
rotational angular momentum [97] of the DCl products of reaction of Cl atoms
with CD4 (at a collision energy Ecoll¼ 6.5 kcalmol�1) and C2D6 (Ecoll¼ 5.8
kcalmol�1) [98]. In the former reaction, the DCl product rotational angular
momentum was found to be maximally aligned perpendicular to its recoil velocity
in the CM frame, indicating a late transfer of the D atom, whereas for reaction
with C2D6, half-maximal alignment perpendicular to the line-of-centres direction
was interpreted as evidence of earlier D-atom transfer, near to the distance of
closest approach of the Cl atom. The conclusions for the CD4 reaction were
supported by quasi-classical trajectory calculations on an empirical and reduced

J=0

J=4 J=5 J=6

J=1 J=2

cos θ

-1 -0.5 -0.50 00.5 0.51 -1 -0.5 0 0.5 1

P
 (

co
sθ

)

Figure 5. State-resolved CM-frame angular distributions for the HCl (v0 ¼ 0, J 0) products of
the ClþC2H6 reaction performed at a collision energy of 5.4 kcalmol�1. The figure is
adapted from ref. [82].
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dimensionality PES that confirm the experimental observation and interpretation,
and argue for transfer of the D atom close to the plane containing the relative
velocity vectors of reagents and products [99]. In contrast, for reaction of CH4

(�3¼ 1), the positive rotational alignment of the forward scattered HCl products
was interpreted as indicative of out-of-plane transfer of the H atom at large
impact parameters [100], with J 0 generated perpendicular to the line-of-centres.
Again, simplified QCT calculations were able to reproduce the experimental
observations [101].

2.2.4. Internal energies of the radical products of reactions of Clþ alkanes
Experiments have probed not just the properties of the HCl products, but have

also determined the internal energies of the radical co-products of the abstraction
reactions, either by direct spectroscopic measurement (in the case of the CH3 radical,
via REMPI detection) or by energy conservation arguments following determination
of the translational energy release. In the reactions of Cl with CH4 and CD4, little or
no excitation of the CH3/CD3 radical is observed (�2.3% CH3 (�2¼ 1) and �3%
CD3 (�2¼ 1) [74]) despite relaxation of a pyramidal CH3 (or CD3) geometry in the
Cl–H–CH3 transition state to a planar minimum energy geometry of the methyl
radical. This geometry change might be expected to excite one or more quanta of the
low-frequency �2 umbrella vibration of the methyl, but instead adiabatic relaxation
to the vibrational ground state of the radical appears to occur, perhaps reflecting a
non-impulsive release of the energy of the reaction. For reaction of Cl with ethane,
measurements by Kandel et al. [70] appeared consistent with only a small amount
of internal energy deposition into the ethyl radical, but more recent experiments
and re-analysis by Bass et al. [78] suggest a fraction fint¼ 0.22 of the available
energy becoming internal motion of the C2H5. By analogy with the geometry change
for the methyl radical, some of this energy might be expected to reside within
umbrella-type wagging of the CH2 group in the ethyl radical, but trajectory
calculations by Rudić et al. [19] suggest strongly that most of the energy becomes
rotation of the ethyl radical simply because of the torque induced on it during
transfer of an H atom, with the line of force (the Cl–H–C axis) offset from the centre
of mass of the ethyl radical. Model calculations that assume impulsive energy release
support the idea of rotational excitation of the C2H5 [78]. If, as predicted by the
trajectory calculations, the rotational angular momentum quantum number of
the ethyl radical can, on average, be J 0

ethyl � 20–30, kinematic constraints imposed
by total angular momentum conservation will be considerably relaxed because
the angular momentum of the products is partitioned between rotational motion
of the two products as well as orbital motion.

For reaction of Cl atoms with propane [79] and n-pentane [83] at higher collision
energies than those typical of the methane and ethane experiments, Suits and co-
workers attributed a forward scattered component in the DCS with large KE release
to abstraction of a 2� H atom (the more exothermic channel, with a lower barrier)
whereas slower moving, backward and sideways scattered products were assigned to
reaction involving a 1� H atom. This analysis is consistent with a line-of-centres
argument that the channel with the greater, though still modest, barrier is cons-
trained to smaller impact parameters and thus more rebound-like dynamics. The
data have, however, been subjected to recent reinvestigation because the method
used (vacuum ultraviolet photoionization of the alkyl radical) might favour
detection of vibrationally excited radicals [82, 102]. Bass et al. [82], in experimental
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studies of the reaction of Cl atoms with n-butane, report contrary observation of
forward scattered HCl in low rotational levels from peripheral abstraction of a 1�

H atom, and more rotationally excited HCl (up to J 0
¼ 6) from reaction at 2osites

that is near-isotropically scattered in the CM frame because of reaction at a wide
range of impact parameters. For both pathways, internal excitation of the n-butyl
(52� 6% branching) or s-butyl (48� 6%) radical product accounts for a fraction of
0.29 of the available energy. A significant part of this internal energy is likely to be
in rotation according to impulsive energy release models, but excitation of some of
the numerous low-frequency vibrational modes of the butyl radical is also probable.
For abstraction of a 1�H atom from n-pentane, the balance of the energy was
suggested to become vibrational excitation of the C5H11 1-pentyl radical [83], which
has numerous low-frequency modes. Substantial rotation of the radical was rejected,
however, for the back-scattered 1� H-atom abstraction products because the large
impact parameter of the reagents (b, defined relative to the CM of the long pentane
molecule) is conserved into the impact parameter (b0) of the separating products.
Conservation of orbital angular momentum, in part determined by the value of b or
b 0, was thus suggested to preclude substantial rotational angular momentum of the
1-pentyl radical, but this argument overlooks the fact that the direction of the orbital
angular momentum is reversed for back-scattered products and, in fact, the 1-pentyl
radical must rotate to conserve overall angular momentum (as one would expect
macroscopically for a long rod struck impulsively at one end).

2.2.5. Reactions of vibrationally excited CH4

Vibrational excitation of CH4 is now well-known to enhance its reactivity with
Cl atoms: in a line-of-centres type model, the cone of acceptance for approach of Cl
is opened up by vibrational excitation because the effective barrier to reaction is
reduced, so the reaction cross-section increases [69]. The first demonstration of this
effect estimated a �30-fold enhancement in the yield of HCl at a collision energy of
3.7 kcalmol�1 if the CH4 is prepared with one quantum of the asymmetric C–H
stretch vibration, �3. Crim and co-workers [103] subsequently compared the
enhancements in reactivity of the two C–H stretching vibrational modes �1 (the
symmetric stretch) and �3 through excitation of the near isoenergetic CH4 (�1þ �4)
and (�3þ �4) stretch–bend combination bands, both of which are IR active in CH4

(the �1 band alone is not IR active, but can be excited by stimulated Raman
pumping, SRP). The (�1þ �4) excited CH4 was found to be �2� more reactive than
the CH4 (�3þ �4), and to have a reaction cross-section � 20� greater than ground
or thermally populated CH4 vibrational levels. The origin of the greater reactivity of
the symmetric stretch excited mode was proposed, by analogy with calculations on
the ClþH2O reaction [104] and for scattering of methane at a nickel surface [105], to
arise from adiabatic localization of the stretching vibrational energy within the C–H
bond proximal to the approaching Cl, whereas the asymmetric stretch vibration
localizes in a non-reactive, distal C–H bond. This proposition was further supported
by experiments and calculations on the reaction of Cl atoms with CH3D prepared
with one quantum of symmetric or asymmetric C–H stretching vibration, with the
former exhibiting 7-fold more efficient enhancement of reaction [106]. Intriguingly,
however, Bechtel et al. [107] have recently shown that CH4 (�3¼ 1) and CH4 (�1¼ 1)
(the latter prepared by SRP) in reaction with Cl atoms at a collision energy of
�3.7 kcalmol�1 exhibit indistinguishable reaction dynamics: the HCl rovibrational
population distributions and the DCSs for the two reactions are identical within
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experimental uncertainties, and the intensity patterns within the CH3 REMPI
spectra also appear to be equivalent. These observations suggest that the reaction
of vibrationally excited methane involves a single C–H oscillator, with the relative
phases of the other C–H oscillators inconsequential to the reaction dynamics.

From the now numerous studies of reactions of vibrationally excited methane
and partially deuterated methanes with Cl atoms, two further conclusions stand out.
The first is that these systems exhibit bond selective chemistry, so, for example,
stretching vibrational excitation of a C–H bond in CHD3 results in predominant
formation of HClþCD3 reaction products, as first noted by Simpson et al. [68].
Further compelling evidence for bond specificity in related reactions comes from the
work of Kim et al. [108], Bechtel et al. [109], and Yoon et al. [110], and is largely a
consequence of local mode type C–H and C–D stretching vibrations in the various
partially deuterated isotopomers of methane. The second particularly noteworthy
outcome is that vibrational excitation in the non-reactive part of the methane
molecule is efficiently conserved into the product methyl radical, indicating weak
coupling to the reaction coordinate and spectator-like behaviour. For example, for
the reaction [108]:

Clþ CH2D2 1100j i ! HClþ CHD2 ð14Þ

with the local mode description of the vibrations, vavbvcvdj i denoting the number of
vibrational quanta in each of the two C–H bonds (va and vb) and the two C–D bonds
(vc and vd), the CHD2 is observed to form with vibrational excitation in the retained
C–H bond. In contrast, the reaction

Clþ CH2D2 2000j i ! HClþ CHD2 ð15Þ

with very similar vibrational energy in the CH2D2, forms CHD2 with no detected
vibrational excitation in the C–H or C–D stretches.

HCl (v¼ 0) formed from reaction of vibrationally excited CH4 (�3¼ 1) is
rotationally hotter than from Cl-atom reactions with other, ground vibrational
state, alkanes [69, 107], with a mean rotational energy of 0.86 kcalmol�1 (300 cm�1).
This pathway is exothermic by 6.7 kcalmol�1 and, with inclusion of the collision
energy, rotational excitation of HCl corresponds to a fraction of 0.08 of the available
energy. There is thus a hint that greater exothermicity corresponds to greater
impulsive energy release and so greater HCl rotation. Such arguments are not,
however, clear-cut because for CH4 prepared with two quanta of C–H stretch
vibrational excitation (one quantum in each of two C–H bonds), the HCl products
are formed rotationally cold despite apparent repulsive energy release [95]. For

Clþ CH4ð�3 ¼ 2; 1100j iÞ ! HClþ CH3 ð16Þ

the major channels to form HCl (v¼ 1)þCH3 (�2¼ 1) and HCl (v¼ 0)þCH3 (�1 or
�3¼ 1) are exothermic by �4.9 and 6.6 kcalmol�1, and there is additional collision
energy amounting to 3.4 kcalmol�1, yet respective mean energies in HCl rotation
are only 0.23 and 0.61 kcalmol�1 (i.e., fractions of the available energy of 0.03 and
0.06). Kim et al. [95] successfully demonstrated the use of a hard-sphere and line-
of-centres model, modified to incorporate repulsive energy release, to describe the
DCSs for these channels, and argued that transfer of the H atom, together with
impulsive energy release, was thus along the line of centres between the Cl and the C
atom thereby inhibiting any torque from bent Cl–H–C geometries that might
map into HCl rotation.
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There is some controversy about the extent of enhancement of reaction of Cl

atoms with methane thermally excited in low-frequency deformation (�2) or bending
(�4) vibrations; the two cannot usually be distinguished in experiments because they

lie very close in energy. Kandel and Zare [74] were first to show that at

collision energies close to the threshold, CH4 or CD4 (�2 or �4¼ 1) weakly populated

in a pulsed expansion because of inefficient vibrational cooling of a thermal

sample, are responsible for HCl or DCl formation with laboratory frame speeds

energetically inaccessible to the reaction of vibrationally ground-state CH4 or

CD4. These authors estimated that at collision energies of 3.0 kcalmol�1 the

vibrationally excited CH4 (�2 or �4¼ 1) is 400 times more reactive than CH4

(v¼ 0), and this ratio reduces to 200 times for a collision energy of 5.5 kcalmol�1.

Enhancement of reaction by these low-frequency modes is qualitatively consistent

with predictions from theoretical calculations of their effects on reaction rates

[42, 44]. Subsequent experiments and data analysis have confirmed the contribution

to reaction of the methane excited in low-frequency vibrational modes [35, 93, 94,

111] but these later studies suggest a much lower enhancement factor. The very

recent imaging experiments of Liu and co-workers [94] have sufficient resolution

to distinguish CH3 radicals formed from CH4 (v¼ 0) and CH4(�2 or �4¼ 1), and

their results suggest that it is the bending mode �4 that is responsible for the most

energetic CH3 fragments, but with a reactivity enhancement only of a factor of 3.

The equivalent extra energy in translation would be more efficient at promoting

reaction, implying a non-mode-specific effect. The imaging experiments, with their

unprecedented product kinetic energy resolution, appear clear-cut, and reasons for

the discrepancies with the enhancement factors of Kandel and Zare [74] remain

moot, but may originate from an underestimate of the width of the distribution of

collision energies.

2.2.6. Reaction of Cl* with alkanes

The possible reaction of spin–orbit excited Cl* atoms with CH4 is an interesting

dynamical question because, much as for reaction of Cl* with H2, formation of

ground electronic state products can only occur following non-adiabatic transitions

from excited PESs correlating with electronically excited products. The adiabatic

correlations are illustrated schematically in figure 6. Non-adiabatic transitions are

suspected to occur in the entrance valley of the PES, before the transition state is

reached, or in close proximity to the TS. Marked discrepancies persist between

theoretical [6] and experimental [112] measurements of the relative reactivities of Cl

and Cl* towards H2, with non-adiabatic quantum scattering calculations predicting

a much lower Cl* reactivity than is reported experimentally, in contrast to the

excellent agreement between experiment and theory for the reactivities of F and F*

with H2 [5, 113—116]. Recent investigations of the dynamics of the Cl reaction with

CH4 near the energetic threshold show no evidence for a contribution to reaction

from Cl* [94], [117]; indeed, kinetics studies suggest that the Cl* is quenched to Cl

about 300� faster than reaction of Cl with CH4 so deactivation will be the major

process [118]. A more fruitful place to look for dynamical consequences of Cl*

chemistry might be in reactions with larger alkanes because Matsumi and co-workers

[119] showed the rate of reaction of Cl* with propane and n- and i-butane to make

HCl to be �30% of that of ground spin–orbit state Cl atoms.
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2.2.7. Computational studies of the dynamics of Cl-atom reactions with alkanes
There is a rich and growing literature on computational studies of the dynamics

of reactions of Cl atoms with methane, using both quasi-classical and quantum
scattering dynamics on potential energy surfaces, with dimensionality ranging from
pseudo-three-atom systems (with the CH3 treated as a single particle of mass 15) up
to the full treatment of all six atoms. There are many fewer computational studies of
reaction of Cl atoms with ethane [120], but Rudić et al. [19] recently demonstrated
that rather than generating a global PES, direct dynamic techniques, with solution
of the classical equations of motion using potential energy points and forces
computed on-the-fly at the geometries sampled by the trajectories, is a very
promising approach that can successfully account for much of the experimentally
observed data for these larger systems. The trajectories can also be used to generate
animations of reactive encounters that show the behaviour of all the participating
atoms and thus provide a clear visualization of the dynamics. Representative
trajectories can be viewed on a website at the University of Bristol [121].

Most of the reduced dimensionality calculations of the dynamics of the ClþCH4

reaction suppose, with support from experimental measurements described earlier,
that the CH3 group is only weakly coupled to the reaction coordinate and thus can
be treated as a single particle. Levine and co-workers [17] carried out QCT
calculations for reaction of vibrationally excited CH4 (�3¼ 1) on LEPS-function
based PESs using such a 3D model and compared the outcomes with 4D
(incorporating the CH3 umbrella bending vibration) and full six-atom dynamics.
Problems with correct treatment of the zero-point energy complicated the latter two
calculations, but many qualitative features of the experimental measurements were
retrieved and the authors concluded that the major features of the dynamics were
insensitive to the level of description of the CH3, in accord with the experimental
observations of spectator-like behaviour of the methyl. The trajectories confirmed
the connection between impact parameters and scattering angles of the HCl deduced
from hard-sphere scattering models. Forward scatter was, however, attributed to

2HCl + CH ( A '')23

2HCl + CH ( E')3

*Cl  + CH4

Cl + CH 4

Reaction coordinate

E
ne
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Figure 6. Schematic adiabatic reaction profiles (solid lines) for the reaction of CH4 with
ground Cl and spin–orbit excited Cl* atoms. Cl* atoms correlate with the
energetically forbidden HClþCH3(

2E 0) products asymptote, therefore can only
react via non-adiabatic transfer (dashed line with a schematic barrier) onto the
ground-state surface.
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formation of an ‘osculating’ complex surviving for about half a rotational period of
the transition state.

The most comprehensive comparisons of QCT calculations (of reduced dimen-
sionality) with experiment come from Troya et al. [43] for reaction of Cl atoms with
vibrational ground-state and vibrationally excited CH4 using a high-level ab initio
PES fitted to an analytical function and reduced to 3D atom þ pseudo-diatomic
molecule coordinates. The excellent agreement of the outcomes of the dynamics
calculations with several experimental measurements, such as HCl rotational
population distributions (as shown in figure 2) and quantum-state resolved differ-
ential cross-sections, implies that the approximation that the CH3 modes are only
weakly coupled to the reaction coordinate is a good one for this reaction. Methane
C–H stretching vibrational excitation was, however, calculated to increase the
reaction cross-section only by a factor of 4, rather than the factor of 30� 15 derived
from experiments, but does enhance the HCl product rotation because trajectories
can access more repulsive regions of the PES. Direct dynamics trajectory calculations
with ab initio potential energies and forces computed on the fly have also recently
proved successful in describing certain features of the reactive scattering [19], and
hold considerable promise for future development, particularly if fast semi-empirical
potential energy calculations of sufficient accuracy can be exploited.

Nyman and co-workers have steadily developed quantum mechanical scattering
methods to treat the reaction of Cl atoms with methane [122–125], evolving from 2D
to 4D, with the 3D and 4D calculations reproducing many key features of the
thermal kinetics, kinetic isotope effects, and the reaction dynamics, including
preferred scattering directions. The effect of bend excitation in methane on the
extent of HCl rotation has also been examined quantum mechanically [126].

3. Reactions of F atoms with alkanes

It is beyond the scope of this article to delve deeply into the dynamics of reactions
of F atoms with alkanes, but some brief comparisons are very instructive. Much
effort has focused on the reaction

Fþ CH4 ! HFþ CH3 ð17Þ

the kinetics and thermodynamics of which are summarized in Table 1. Most notable,
in comparison with the equivalent reaction of Cl atoms with methane, is that the F-
atom reaction is considerably more exothermic (largely a consequence of the heat of
formation of HF) [28, 29], with a much lower activation barrier and higher rate
constant. Troya et al. [127] calculate a linear F–H–C configuration (i.e., C3v

symmetry) for the minimum-energy saddle-point structure at a variety of different
levels of theory, apparently correcting an F–H–C bend angle of 161.2� obtained in
previous UMP2 calculations with a smaller (6–31G(d,p)) basis set [128].

Dynamical measurements of outstanding quality by Lin and co-workers
[129–133] reveal correlated HF and CH3 vibrational distributions, and quantum-
state resolved DCSs from crossed molecular beam experiments that are reminiscent
of vibrationally resolved reactive scattering of F with H2, HD and D2 [134, 135]. The
HF from reaction (17) is formed in vibrational levels up to v 0

¼ 3 at the energies of
the experiments, and exhibits a vibrational inversion because of dynamics on an
attractive PES with an early barrier and substantial exothermicity. Very recent
measurements of the collision energy dependence of the state-resolved scattering
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provide tantalizing evidence for a scattering resonance [132, 135], much as has been

reported (and recently definitively assigned) for the reaction of F with HD [8–10,

136, 137]. Unlike the FþH2/HD reaction, however, there is a linear geometry at the

transition state (for the F–H–C moiety).

Nesbitt and co-workers [138, 139] studied reaction (17) under crossed molecular

beam conditions (with very well-defined collision energies) and obtained nascent

HF rotational (J 0) and vibrational (v 0) level population distributions via thorough

IR laser absorption measurements, together with information on the scattering

from analysis of Doppler widths. The measured relative vibrational populations

were 0.106(3) in v 0
¼ 3; 0.667(14) in v 0

¼ 2; 0.189(27) in v 0
¼ 1 and 0.038(78) in v 0

¼ 0,

with the numbers in parentheses providing uncertainties on the last digits. The

HF (v 0
¼ 1) rotational level populations fit to a mean rotational energy of 1450

cm�1 (4.2 kcalmol�1) that is considerably hotter than the HCl formed from any of

the Clþ alkane reactions, most plausibly because of greater repulsive energy release

from the transition state. Rotational levels in v 0
¼ 2 and 3 are also populated up to,

or near the energetic limit. An impulsive energy release model also accounts well for

the internal energy of the C2H5 fragments formed from the reaction of F atoms with

ethane [140]: for a given HF (v 0, J 0) product, the energy partitioned to the ethyl

radical, which constitutes >70% of the available energy, is divided approximately

equally between translational and internal motions, and experimental data are

consistent with a Franck–Condon type excitation of the CH2 wagging vibration.

The dynamics of the reaction of F atoms with methane have received some

theoretical attention, most noteworthy of which are QCT calculations by Troya et al.

[127] on an ab initio but reduced dimensionality PES (with the CH3 treated as a

single particle) and by Kornweitz et al. [141] on a six-atom empirical PES. The

neglect of methyl radical internal degrees of freedom is challenged by diode laser

absorption experiments [142] and recent velocity map imaging results of Lin and

co-workers [129–133] that show vibrational excitation of the umbrella mode that

increases with collision energy, providing further evidence of greater repulsive energy

release along the F–H–C coordinate than for Cl-atom reaction with methane.

Despite this concern, however, the dynamics of the newly formed HF are well-

reproduced by both sets of trajectory calculations, with greater forward scattering as

the HF vibrational quantum number increases, and HF (v¼ 3) (the thermoneutral

channel) formed by grazing collisions at large impact parameter.

4. Reactions of Cl atoms with functionalized organic molecules

In this section we review the current literature describing experimental and

theoretical studies of the dynamics of H-atom abstraction reactions between Cl

atoms and functionalized organic molecules. Such studies have a shorter history than

the equivalent reactions of alkanes, and the reactions have received far less scrutiny

either experimentally or computationally, but rapid progress has occurred in recent

years to include the reactions of alcohols, ethers, amines and methyl halides, which

will be the main focus of this section. We discuss the kinetics and thermochemistry of

the reactions which have been the subjects of dynamics studies in section 4.1, and

focus on the dynamics in section 4.2, drawing comparisons with the benchmark

Cl-atom reactions with small alkanes and highlighting some key differences.
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4.1. Reaction thermochemistry, kinetics, and site-specific branching
The kinetics and thermochemistry of the reactions of Cl atoms with functiona-

lized organic molecules are summarized in Table 3. As with the reactions of Cl atoms
with saturated hydrocarbons, the primary uncertainties in the enthalpies arise from
the uncertainties in the heats of formation of the organic radical products. In some
cases, the discrepancy between the NASA and IUPAC recommendations for
atmospheric chemistry is over 1 kcalmol�1 [143, 144]. With the exception of the
methyl halides, abstraction from a methyl group adjacent to a heteroatom is
generally more exothermic than abstraction of a primary H atom from a methyl
group in a hydrocarbon (typically �2 to �3 kcalmol�1).

Kinetic studies of the reactions of Cl atoms with oxygenated molecules are less
extensive than those of the corresponding alkanes, and remain a subject of active
current investigation, largely because of environmental concerns. Typically, the
reactions of small alcohols and ethers are rapid and have been found to be effectively
independent of temperature, where investigated. Of the oxygenated molecules listed
in Table 3, dimethyl ether (DME) reacts most rapidly with Cl atoms, having a rate
constant approaching the limiting gas kinetic value, and results exclusively in HCl
and the CH3OCH2 radical. The temperature dependence of the rate constant has
been reported only once, in a flash photolysis-resonance fluorescence experiment by

Table 3. The thermochemistry and kinetics of reactions of Cl atoms with various
functionalized organic molecules. Enthalpies of reaction are at 298K, and from
references [28], [30] and [144] unless otherwise specified. Kinetic parameters are the
rate constant, k (cm3molecule�1 s�1), Arrhenius pre-exponential factor, A
(cm3molecule�1 s�1), and activation energy, Ea (kcalmol�1).

Reaction �H298 /kcalmol�1 Kinetic parameters/
cm3 molecule�1 s�1

ClþCH3F!HClþCH2F �3.06� 2.01 k¼ 3.5� 10�13; A¼ 1.7� 10�11

(Ea¼ 2.3� 1.0 kcalmol�1)
ClþCH3Cl!HClþCH2Cl �2.35� 1.02 k¼ 4.9� 10�13; A¼ 3.3� 10�11

(Ea¼ 2.5� 0.6 kcalmol�1)
ClþCH3Br!HClþCH2Br �1.55� 1.05 k¼ 4.4� 10�13;

A¼ 1.02� 10�15 T1.42;
fit to modified Arrhenius
expression
(Ea¼ 1.3 kcalmol�1) [155]

ClþCH3I!HClþCH2I 0.55� 1.62 k¼ 8.2� 10�13; A¼ 5.44� 10�11

(Ea¼ 2.5� 0.2 kcalmol�1) [156]
ClþCH3OH!HClþCH2OH

!HClþCH3O
�7.12� 0.32 k¼ 5.5� 10�11, no T dependence

ClþCH3CH2OH!HClþCH3CHOH
!HClþCH2CH2OH
!HClþCH3CH2O

�10.13� 1.01 k¼ 9.0� 10�11, no T dependence

ClþCH3OCH3 ! HClþCH2OCH3 �10.1 k¼ 1.3� 10�10

ClþCH3NH2!HClþCH2NH2 �10.0 Unreported
!HClþCH3NH �3.3

ClþCH3SH!HClþCH2SH �10.0 k¼ 4.3� 10�12 [167]
!HClþCH3S �15.8� 0.46 k¼ 2.0� 10�10; A¼ 1.2� 10�10,

with a negative temperature
dependence
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Michael et al. [145] and was found to be invariant over the range 200–500K. The
reaction between Cl atoms and methanol is known, at least at ambient temperatures,
to proceed almost entirely (>95%) via the more exothermic methyl H abstraction
channel to produce the hydroxymethyl radical [146]:

Clþ CH3OH ! HClþ CH2OH branching > 0:95 ð18aÞ

! HClþ CH3O branching < 0:05 ð18bÞ

This reaction is also rapid and temperature-independent, indicating that any
barrier to reaction at the methyl group is either non-existent or negligibly small
[145]. Jodkowski et al. [147] performed ab initio calculations at the G2 level of theory
to calculate the energies of stationary points on the PES for the ClþCH3OH
reaction and found no barrier to the production of the hydroxymethyl radical,
while a significant barrier of 8.1 kcalmol�1 was computed for reaction at the
hydroxyl site. Additionally, weakly bound pre- and post-reaction molecular com-
plexes were located and it was argued that the reaction proceeded via these
complexes. Rate constant calculations suggested that the methoxy-producing
channel was insignificant below 1000K. Recent diffusion Monte Carlo (DMC)
calculation for reaction (18a), however, compute a 2.39� 0.49 kcalmol�1 barrier
and enthalpies of reaction of �6.99� 0.49 kcalmol�1 and �5.82� 0.50 kcalmol�1, at
0K and 298K, respectively [148]. Smith et al. [149] used IR laser absorption to
measure the absolute rate constant for the reaction between Cl atoms and methanol
at 295K and determined a branching fraction of 12% for production of vibrationally
excited HCl. In a very recent kinetic study, Seakins et al. [150] determined the
vibrational branching fraction for HCl (v 0

¼ 1) products of reaction (18a) to be 25%
at 298K, decreasing slightly to 22% at 243K, although both values were within the
mutual uncertainties. The discrepancy between the measurements is curious, given
the good agreement for the vibrational branching in the ClþCH3CH2OH reaction
discussed below.

The reaction of Cl atoms with ethanol can proceed exothermically via abstrac-
tion of primary or secondary H atoms (at the � and � positions) to produce
2-hydroxyethyl and 1-hydroxyethyl radicals, respectively, the latter pathway being
more energetically favoured:

Clþ CH3CH2OH ! HClþ CH3CHOH branching� 0:92 ð19aÞ

! HClþ CH2CH2OH branching � 0:08 ð19bÞ

! HClþ CH3CH2O branching negligible ð19cÞ

As in the ClþCH3OH reaction, abstraction of the hydroxyl H atom to give
HCl and the ethoxy radical is mildly exothermic but inhibited by a significant
barrier. Taatjes et al. [151] measured absolute and site-specific rate coefficients for
the reaction of Cl atoms with selectively deuterated ethanol isotopomers over the
295–600K temperature range using time-resolved IR absorption spectroscopy of the
HCl products and total product analysis using FTIR spectroscopy in a smog
chamber. The negligible HCl yield from the reaction of ClþCD3CD2OH high-
lighted the lack of reactivity of hydroxyl H atoms to Cl attack. Only slight temp-
erature dependences were observed for the reactions of all the isotopomers, and
Arrhenius fits to the rate coefficients for formation of HCl products from the
ClþCH3CH2OH and ClþCD3CH2OH reactions showed negative activation en-
ergies, indicating barrierless abstraction of an �-hydrogen. The activation energy
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derived for the ClþCH3CD2OH reaction, however, was found to be small and later
ab initio calculations revealed a 0.73 kcalmol�1 barrier to this weakly exothermic
channel [152]. The branching fractions for �-hydrogen abstraction determined from
both experimental approaches were in excellent agreement, revealing that about 8%
of the HCl products are formed via this channel at 296K. A branching fraction for
production of vibrationally excited HCl products of around 20% for the products of
the ClþCH3CH2OH reaction was reported by both Taatjes et al. [151] and by the
more recent study of Seakins et al. [150].

With the exception of the ClþCH3I reaction, which is thought to be slightly
endothermic (but within the uncertainties, could be exothermic), the hydrogen
abstraction reactions of Cl atoms with the methyl halides (CH3X)

Clþ CH3X ! HClþ CH2X X ¼ F,Cl, Br, I ð20Þ

are mildly exothermic and the enthalpies of reaction are comparable to those for
abstraction of primary H atoms from alkanes other than methane, although subject
to uncertainties of the order of � 1–2 kcalmol�1. For the reactions of Cl atoms with
CH3Br and CH3I, halogen substitution to form CH3Cl and Br or I atoms has been
observed [153], but only as a minor pathway, and crossed beam scattering
experiments have also investigated the alternative, endothermic, ICl-producing
abstraction channel of the latter reaction [154]. Kinetics studies showed the H
abstraction channel to be the dominant pathway under atmospheric conditions [155,
156]. The room temperature rates of the H abstraction reactions of Cl atoms with the
methyl halides are significantly (one to two orders of magnitude) slower than the
reactions with the oxygenated molecules discussed earlier [143, 144]. Arrhenius
expressions describing the temperature dependence of the kinetics show small A
parameters, and activation energies similar to the ClþCH4 reaction. Theoretical
work on the kinetics of the reactions is limited. Rayez et al. [157] characterized the
geometries of the transition states (at the MP2/6–31G(d,p) level) for the reactions of
Cl atoms with a series of fluoro- and chloro-substituted methanes and applied
transition state theory with a one-dimensional tunnelling correction to calculate the
room temperature rate constants. With the inclusion of the tunnelling correction the
calculated rate constant for the ClþCH3F reaction was approximately a factor of
three smaller than the experimental value, and the agreement was worse for the
ClþCH3Cl reaction. Rosenman and McKee [158] optimized the transition state
geometries for the ClþCH3F reaction at the MP2/6–31þG(d) level, as well as
several points along the minimum energy pathway. Variational TST rate constants
were calculated over the temperature range 200–700K, and were in generally good
agreement with the experimental values when zero-curvature tunnelling was
included, except at the lowest temperatures. Xiao et al. [159] have also investigated
the kinetics of the ClþCH3Cl and CH3Br reactions theoretically. Using optimized
transition states and intrinsic reaction coordinate calculations of the minimum
energy pathway using a density functional method (BH&H–LYP/6–311G(d,p)) with
energies refined at the QCISD(T)/6–311þG(d,p) level, they obtained temperature-
dependent TST and improved canonical variational TST (ICVT) rate constants over
the range 200–800K. Arrhenius plots showed reasonable agreement between the
calculated and theoretical values of the rate constants at higher temperature;
however, the slope was found to be steeper than experiment in both reactions
leading to significant discrepancy at lower temperature.
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The kinetics of Cl-atom reactions with other classes of heteroatom-containing
organic compounds such as HCHO (k298¼ 7.3� 10�11 cm3molecule�1 s�1) [30] and
CH3SH (k298¼ 2.0� 10�10 cm3molecule�1 s�1) [30] have received attention, but the
rate of reaction of Cl atoms with methylamine remains largely unstudied. Branching
between competing channels in these reactions is discussed later.

4.2. Reaction dynamics
Inclusion of a functional group or a heteroatom in a molecule of general type

CH3X, where X is not hydrogen or an alkyl group (for convenience, any such
molecule will be referred to as being functionalized) enriches the reaction dynamics
beyond what is observed for H-atom abstraction from primary, secondary or tertiary
carbon sites in alkanes (as discussed in section 2). The functional group may itself
contain H atoms, for example in hydroxyl, amino or aldehydic groups, and
abstraction from these chemically different environments may display site-specific
dynamics, which, together with branching ratios for the competing channels, can be
explored using selectively deuterated isotopomers.

Interactions between the attacking Cl atom and functionalized molecules are
likely to be stronger than found in alkane reactions, leading to the possibility of
entrance-channel effects directing the dynamics or affecting the product branching
ratios. The functionalized radical co-product also possesses properties which can
influence the product internal state distributions measured experimentally. Such exit-
channel interactions are, as will be shown, dominated by dipole–dipole interactions
between the polar products.

4.2.1. Rotational distributions of the HCl products of reactions of Cl atoms with
functionalized organic molecules

Rudić et al. reported the first measured nascent HCl rotational distribution of a
reaction between Cl atoms and a functionalized organic molecule [160]. Hyperther-
mal Cl atoms were produced by UV photolysis of molecular chlorine at 355 nm,
resulting in a collision energy of 5.6 kcalmol�1 for reaction (18) of Cl atoms with
methanol, and the nascent HCl (v 0

¼ 0) products were state-selectively probed using
2þ 1 REMPI in a TOF–MS. The reagent gases were expanded into the interaction
region using dual pulsed nozzles fitted with narrow-bore tubing to constrain the gas
flows. This separation of reagents was necessary to minimize the interaction time
before reaction was initiated, lest the reactive signal be overwhelmed by contaminant
HCl produced by rapid reaction of the precursors, but was at the expense of
substantial cooling in the supersonic expansion. While H-atom abstractions by Cl
atoms from alkanes are, so far without exception, found to result in rotationally cold
HCl products, as discussed in section 2.2.1, the HCl products of the ClþCH3OH
reaction show rotational excitation greater than that for thermalized HCl at 298K.
The nascent rotational distributions peak in J 0

¼ 3 or 4 and are characterized by a
temperature of 530� 56K, with a mean rotational energy of 330� 29 cm�1. Sub-
sequently, experimental measurements were refined and extended to include the
analogous reaction with methanol-d1 (CH3OD) and the related reactions with
ethanol (reaction 19) and dimethyl ether [152]:

Clþ CH3OCH3 ! HClþ CH3OCH2 ð21Þ

The HCl (v 0
¼ 0) rotational distribution observed from reaction with the

d1-deuterated isotopomer of methanol was effectively identical to that of the
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perprotonated reaction, emphasizing the site-specificity of the reaction (abstraction
of a methyl H atom) and eliminating the possibility of there being a contribution to
the reactive signal of rapid secondary reaction with the hydroxymethyl radical to
produce HCl and formaldehyde. Figure 7 highlights both the remarkable similarity
of the HCl (v 0

¼ 0) rotational state distributions observed in these reactions, all of
which involve the abstraction of H from a carbon site adjacent to the oxygen
heterotaom, and the enhanced rotational excitation relative to that of the ClþC2H6

reaction. Comparison with figure 3 demonstrates that the HCl products of reactions
(18), (19) and (21) are also much more rotationally excited than those from reactions
of Cl atoms with propane and butane (see also Table 2). Recent results from Brouard
and co-workers [82], summarized in Table 2, show that abstraction of a secondary H
atom from n-butane (�H298¼�5.5 kcalmol�1) gives greater rotational excitation
than for primary H-atom abstraction (�H298¼�2.0 kcalmol�1), but the mean
rotational energy of the HCl of 170 cm�1 in the former case is still much lower than
for Cl atom reactions with methanol, ethanol and DME.

Rudić et al. argued that the increased product HCl rotational excitation was not
simply a consequence of the greater exothermicities of the alcohol and ether
reactions compared to that of ClþC2H6, since abstraction of a tertiary H atom
from isobutane [60] which is comparably exothermic, results in rotationally cold
HCl. Consideration of the rotational distributions of the vibrationally excited HCl
(v 0

¼ 1) products observed for ClþCH3CH2OH by Rudić et al. [152] and for
ClþCH3OH by Bechtel et al. [161], in a recent revisiting of this reaction using a
similar experimental approach, further supports this assertion. For both reactions,
despite production of vibrationally excited HCl requiring a significant amount of the
available energy, and thus effectively reducing the exothermicity by � 8.5 kcalmol�1,
the HCl (v 0

¼ 1) products also display enhanced rotational excitation, albeit to a
lesser degree, and like the HCl (v 0

¼ 0) products, the distributions are very similar.
The enthalpies of reaction for Cl reactions with monosubstituted halomethanes,

(21), are of very similar magnitude to the benchmark ClþC2H6 reaction, as shown
in Tables 1 and 3. The reactions become less exothermic with increasing size of the
halogen substituent, but the total available energy is almost constant for the series
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Figure 7. Nascent HCl (v 0

¼ 0, J 0) rotational distributions for the reactions of Cl atoms with
the oxygenated molecules methanol (m), ethanol (f), dimethyl ether (g) and, for
comparison, ethane (œ). Adapted from data originally presented in Ref. [152].
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because of the parallel increase in the CM-frame collision energy under typical

experimental conditions using Cl atoms from 355-nm photolysis of Cl2. Murray et al.

[84] measured the nascent rotational distributions of HCl (v 0
¼ 0) products of these

reactions. The ClþCH3F reaction, like the RCH2OR 0 (R, R 0
¼H, CH3) reactions

discussed above, leads to HCl (v 0
¼ 0) products with much enhanced rotational

excitation relative to the benchmark ClþC2H6 reaction and the nascent rotational

distribution, which peaks in J 0
¼ 3–4, is most reminiscent of that produced in the

more exothermic ClþDME reaction. For the reactions of the larger methyl halides,

the degree of HCl product rotational excitation decreases systematically, although

the ClþCH3I reaction still forms HCl that is much more rotationally excited than

the products of the reaction of ClþC2H6. The outcomes of all these measure-

ments are summarized in Table 4. Simple attribution of greater HCl mean rotatio-

nal energy solely to a larger reaction exothermicity can be discounted although it

may be a contributing factor in determining the extent of rotational excitation of

HCl. Arguments based on energetics alone also fail to account for the mechanism by

which enhanced product rotation is generated because consideration must be given

to the source of additional torques. Other factors that may contribute are angular

momentum conservation, statistical effects, impulsive energy release from the

transition state geometry, the shape of the transition state itself, and post-TS

interactions. These possibilities are discussed further below.

In contrast to the reactions of Cl atoms with alcohols, for which abstraction

occurs almost exclusively at the �-carbon, the reaction of chlorine with methylamine

proceeds competitively via two channels to produce the aminomethyl (CH2NH2) and

methanaminyl (CH3NH) radicals:

Clþ CH3NH2 ! HClþ CH2NH2 ð22aÞ

! HClþ CH3NH ð22bÞ

Using reagents selectively deuterated at the methyl or amine positions, Rudić

et al. [162] were able to measure site-specific HCl (and DCl) product rotational

state distributions and, in conjunction with the observed rotational distributions

from the perprotonated and perdeuterated reactions, extract the branching fraction,

as shown in figure 8. Despite the aminomethyl channel being more exothermic, and

favoured statistically by 3:2, the branching to this channel was found to be only 48%

for abstraction of H and 58% for abstraction of D. The branching can be quali-

tatively explained by consideration of the energies of the ab initio stationary points

calculated in conjunction with the experimental studies (vide infra). The optimized

transition states for abstraction at both sites lie lower in energy than the separated

reagents and the TS for the less exothermic methanaminyl-producing channel is the

lower of the two. The only meaningful ‘barrier’ to reaction therefore is relative to a

pre-reaction molecular complex, which is calculated to be the most stable point on

the PES and is formed as a result of a three-centre two-electron bond between the

attacking Cl atom and the lone pair on the N atom. Thus, entrance channel

interactions between the approaching reagents may play a role in steering the

reaction, with the greater density of states for the lower energy methanaminyl-

producing transition state channel enhancing the reactivity along that pathway,

while the higher energy TS for the more exothermic aminomethyl channel presents

a dynamical bottleneck.
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The rotational distributions observed following reaction at the methyl and
amine sites are very different. HCl and DCl molecules produced following reaction
at the methyl group were observed to be substantially more rotationally excited than
those produced in conjunction with the methanaminyl radical after reaction at
the amine site (see Table 4). This observation is surprising because ab initio
calculations at the MP2/6–311G(d, p) level predict that the C–H–Cl moiety deviates
only slightly from collinearity at the transition state, defining an angle of 171.1�,
while abstraction at the amine proceeds via a significantly bent transition state with
an N–H–Cl angle of 142.0�. Conventional ideas of more bent transition states
leading to more rotationally excited products thus clearly do not apply for these
H-atom transfer reactions. Standard models of impulsive energy release were found
to be unsuitable for reproducing the degree of rotational excitation observed from
each channel as they consistently predict more energy (either as a fraction of that
available or as an absolute value) to be partitioned into HCl or DCl rotation for the
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Figure 8. Site-specific (a) nascent DCl (v 0
¼ 0, J 0) rotational distributions obtained from the

reactions of Cl atoms with the selectively deuterated isotopomers methylamine-d3
(CD3NH2) (g) and methylamine-d2 (CH3ND2) (œ). The DCl rotational distribution
obtained from the reaction of Cl atoms with the perdeuterated isotopomer,
methylamine-d5 (CD3ND2) (f) is shown in panel (b) along with a best-fit linear
combination (�) of the site-specific distributions shown in (a). Adapted from data
originally presented in Ref. [162].
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methanaminyl producing channel. Furthermore, impulsive energy release in this
reaction would be expected to manifest itself in an isotope effect, with less rotational
excitation observed for the DCl products, whereas experimental measurements
show near identical mean rotational energies for the HCl and DCl products
(501� 84 and 508� 17 cm�1 for abstraction from a C atom and 122� 12 and
157� 12 cm�1 for abstraction from an N atom). The conclusion was thus drawn
that the PES in the immediate post-transition state region was not strongly repulsive.

Ab initio calculations, performed in conjunction with the experimental meas-
urements of HCl product rotational distributions on the other functionalized
reactions [84, 152], predicted near collinear (to within at most �10� of linearity)
geometries for the C–H–Cl moiety in the TS in all the systems investigated.
Deviation from collinearity is thus unlikely to explain the greater HCl rotation in
any of the functionalized systems studied. To illustrate the point, the reactions of
Cl atoms with C2H6 and CH3F possess similar thermochemistry and kinematics.
Ab initio calculations predict a transition state with a C–H–Cl angle of 176.6� for
C2H6 while the CH3F reaction proceeds via a saddle point in which the equivalent
angle is 177.1�, yet results in significantly more rotationally excited HCl products
(see Tables 2 and 4). Indeed, amongst the methyl halide reactions, the transition
state bend angle anticorrelates with the degree of rotational excitation measured
in the HCl products. Thus, it would appear that such reactions occur largely
non-impulsively.

As mentioned in section 4.1, ab initio calculations to characterize stationary and
saddle points on the PES for the ClþCH3OH reaction were performed by
Jodkowski et al. [147] at the G2 level of theory and used in conjunction with TST
to calculate rate constants. These authors also located weakly bound molecular
complexes between both reagents and products. For all the functionalized reactive
systems discussed the ab initio reaction profiles are qualitatively similar, with
examples in figure 9, showing a weakly bound pre-reaction complex, as described
above for the ClþCH3NH2 reaction, in the entrance channel and similarly weakly
bound complexes in the products region of the PES [84, 152, 160]. The calculated
ab initio energy for the CH3Br 	 	 	Cl complex is in excellent agreement with the

Table 4. Mean rotational energies, rotational temperatures and rotational fractions of the
total available energy for HCl products of reactions of Cl atoms with various
functionalized organic molecules at mean collision energies Ecollh i, specified in units
of cm�1 for ease of comparison with the HCl rotational energies.

Reaction Ecollh i/
cm�1

Eroth i/
cm�1

Trot / K frot Reference

ClþCH3OH!HClþCH2OH 1960 330� 29 530� 56 0.071 152
ClþCH3CH2OH!HClþ
CH3CHOH

2330 340� 26 542� 38 0.056 152

ClþCH3OCH3!HClþCH2OCH3 2330 265� 17 418� 25 0.057 152
ClþCH3NH2!HClþCH2NH2 2000 501� 84 720� 210 0.091 162
ClþCH3NH2!HClþCH3NH 2000 122� 12 181� 16 0.038 162
ClþCH3F!HClþCH2F 2030 284� 13 403� 18 0.092 84
ClþCH3Cl!HClþCH2Cl 2410 283� 21 380� 20 0.087 84
ClþCH3Br!HClþCH2Br 3010 226� 14 302� 12 0.064 84
ClþCH3I!HClþCH2I 3290 202� 13 291� 26 0.065 84
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experimental value derived from low-temperature kinetic studies of Piety et al. [155].
Taatjes and co-workers argued, however, that the considerable fraction of vibra-
tionally excited HCl products, equivalent to the Boltzmann fraction of collisions
with sufficient energy to populate HCl (v 0

¼ 1) under their experimental conditions,
was evidence for direct dynamics [149]. Given the shallow nature of the wells and
further evidence from scattering experiments discussed later, it seems most probable
that these abstraction reactions are indeed direct, or sample only transiently the
shallow complexes. Although rotational distributions of HCl have not been
calculated using statistical models appropriate for formation of long-lived complexes
that account for conservation of energy and total angular momentum, these are
unlikely to be applicable because the reactions do not appear to proceed via
complexes sufficiently long-lived to randomize the energy among all internal
degrees of freedom. The post-TS complexes are computed to be bound by only
�2�3 kcalmol�1 with respect to separated products and are thus much more shallow
than the potential wells for textbook examples of complex-mechanism reactions of
atoms such as O(1D) [1].

As with Cl-atom reactions with alkanes, angular momentum and kinematic
constraints on the dynamics should be weak because both products carry off
rotational angular momentum that, for the radical, can be comparable to the orbital
angular momentum. This deduction is supported by the very different HCl rotational
distributions observed for the kinematically and energetically very similar reactions
of Cl atoms with C2H6 and CH3F. The presence of shallow potential wells in the
products’ region of the PES and the near-linear Cl–H–C moiety in the transition
state led Rudić et al. [160] to suggest an alternative mechanism to impulsive
energy release, statistical considerations, or kinematic constraints, for generating
the torque required to produce rotationally excited HCl products.

For the ClþRCH2OR 0 reactions, the post-transition state regions of the PESs
were each calculated to support two analogous complexes after abstraction of the
�-hydrogen. The first involved an increase in the distance between the C atom and
abstracted H atom from the transition state configurations to around 2–3 Å while
maintaining collinearity of the C 	 	 	H–Cl moiety. Similar van der Waals complexes
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Figure 9. Energies of stationary points (pre- and post-reaction complexes and transition
states) calculated at the G2//MP2/6–311G(d,p) level of theory for the reactions of Cl
atoms with methane, ethane, methanol and methyl fluoride, as indicated.
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have also been located on the PESs for the reactions of CH4 and C2H6 and were also

calculated to be bound by 2–3 kcalmol�1, relative to the products asymptote, and as

a result probably play no role in enhancing the nascent HCl rotational excitation

[19]. No attempts to locate such structures were made for the reactions of Cl atoms

with the methyl halides [84], although an analogous structure was located on the PES

for the methylamine reaction [162]. The second class of complex was located in all

the functionalized systems described and involves reconfiguration of the molecular

geometry such that the nascent HCl is located a similar distance from the radical but

with the H atom oriented towards the heteroatom (i.e., a hydrogen bonded type

structure). The proposed mechanism for generating rotation is thus that the driving

force for this reorientation, associated with an angular anisotropy on the PES, can

induce HCl rotation by promoting rapid motion of the H atom with respect to the

heavy Cl atom. In essence, the H atom swings around from proximity to the C atom

to which it was originally bound, towards the electronegative heteroatom and this

motion maps asymptotically into HCl rotation. The mechanism is encouraged by

reorientation of the RCHOR0 by rotation induced by the recoil from the reaction TS

(with a line of force displaced from the CM of the radical), as is observed in

animated trajectories [121]. This proposition is similar in concept to the notion of

reorientation of approaching reagents towards a reactive configuration prior to the

TS, but is now applied to the separating products.

The reorientation of the nascent HCl products, which ultimately results in

enhanced rotational excitation, is thought to be a consequence of the anisotropy

of the post-transition state PES which is dominated by dipole–dipole interactions.

For the reactions of the methyl halide series, increasing the size of the halogen atom

leads to less rotational excitation of the HCl products, in parallel with a reduction of

the halomethyl radical dipole moment. In fact, with the exception of the methyl H

abstraction in the ClþCH3NH2 reaction, which appears to be a special case to be

discussed below, there is a direct linear correlation between the average value of

J 0(J 0
þ 1) of the HCl product (proportional to the rotational energy) and the

magnitude of the calculated dipole moment of the radical co-fragment. The strength

of the correlation is demonstrated in figure 10. It should be stressed that the

interaction between HCl and the RCHOR0 (R¼H, CH3) and CH2X (X¼F, Cl,

Br, I) is attractive in nature: rotation of the RHCOR 0 or CH2X as the HCl pushes

away brings the negatively polarized end of the dipole (located close to the

heteroatom) towards the positively polarized H atom in HCl. Rather counter-

intuitively, the dipole moment of the aminomethyl fragment is oriented such that

the C atom has greater electron density and is the negative end of the radical dipole

moment. The rotation of the fragment induced as the products separate thus brings

the dipole moments into a more unfavourable alignment with their positive ends

pointing towards one another, resulting in a repulsive geared rotational excitation of

the HCl. Arguments relating to the interactions of the potential wells and dipole

moments in the products’ region of the PES can also qualitatively explain the lack of

rotation observed following abstraction of an amino H atom. In this case, despite the

significantly bent transition state, the system relaxes naturally via the post-reaction

complex in which there is a very favourable alignment of the HCl and methanaminyl

radical dipole moments, and this serves to counteract any torque that may have been

applied to the HCl as the system passes over the transition state region, thus

suppressing HCl rotation.
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Direct dynamics trajectory calculations of the ClþCH4, C2H6 and CH3OH
reactions performed by Rudić et al. [19] provide further evidence for the interaction
of the products’ dipole moments as they separate resulting in enhanced rotational
excitation in the latter case. Trajectories were initiated from the transition state using
Wigner sampling of the zero-point motion to generate initial conditions. Swarms of
trajectories were propagated using ab initio electronic structure calculations at the
HF/6–31G level to calculate the energies and the forces acting on the atoms at each
time step. The resulting calculated HCl rotational distributions were found to
overestimate slightly the degree of rotational excitation by one or two quanta,
although the overall shapes were in excellent agreement with experimental data. A
smaller batch of trajectories propagated using the more accurate MP2/6–311G(d, p)
energies and forces for the ClþCH3OH reaction was observed to produce a
rotational distribution for the HCl products that was in better agreement with
experiment, i.e., cooler than the Hartree–Fock level calculations. Dipole moments
are overestimated by both HF and MP2 level calculations, and even more so by the
former. Animation of representative samples of the trajectories of the ClþCH3OH
reaction revealed, as described above, that as the products separate, a torque is
applied about the CM of the hydroxymethyl product, inducing it to rotate and
bringing the electronegative O atom closer to the departing HCl, which is reoriented
as a consequence of the trajectory sampling the attractive part of the PES. No such
reorientation was observed in the ClþCH4 or C2H6 reactions, despite the presence
of shallow potential wells in the products’ region of the PESs. The calculations
did not, however, suggest that the formation of long-lived complexes played a role,
with all the trajectories completing in a time-scale much less than the rotational
period of the full system.
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Figure 10. Linear correlation between the mean rotational energy, represented by
J 0 J 0 þ 1ð Þ
� �

, of nascent HCl products following H-atom abstraction from a carbon
site adjacent to a heteroatom, with the ab initio dipole moment of the radical
co-product calculated at the MP2/6–311G(d,p) level of theory.
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Some attention has also been paid to the dynamics of reactions involving
aldehydes. Kegley–Owen et al. [163] studied the reaction of Cl atoms with
acetaldehyde,

Clþ CH3CHO ! HClþ CH3CO ð23Þ

which proceeds via the exothermic abstraction of the aldehydic H atom, using
flash photolysis and tunable diode laser spectroscopy of the HCl products to
measure the absolute rate constant directly. The vibrational branching fraction of
0.56� 0.15 for production of HCl (v 0

¼ 1) suggested a slight population inversion
and this was later confirmed by a more precise determination of 0.54� 0.04 by
Smith et al. [150] also using tunable diode laser spectroscopy of the HCl products.
This significant vibrational excitation of the HCl is consistent with direct abs-
traction with early release of energy, a conclusion supported by ab initio calculations
at the MP2/cc–pVDZ level [164] which predicted a very reactant-like, bent transition
state. The transition state was calculated to be 0.9 kcalmol�1 higher in energy than
the separated reactants, resulting in a slight barrier to reaction, although correction
for the zero-point energy, which would reduce the barrier height, was apparently
not considered. Similar calculations were performed to characterize stationary points
for the reaction of formaldehyde

ClþHCHO ! HClþHCO ð24Þ

and again revealed a very early transition state with only a slight barrier to direct
abstraction of hydrogen. The calculated barriers are consistent with kinetic data,
which suggest no temperature dependence for the ClþCH3CHO reaction, albeit
over a limited range of 210–340K, and only a very moderate activation energy of
1 kcalmol�1 for ClþHCHO, from experimental data over the range 200–500K.
The early barrier and moderate exothermicity of the formaldehyde reaction would
suggest vibrational excitation of the HCl products and Seakins et al. [150] and Dong
et al. [165] have observed this experimentally. A population inversion of the HCl
products was observed, with the branching fraction for vibrationally excited HCl
measured to be 0.91� 0.14.

Unlike hydroxyl H atoms, the weak S–H bond in thiols means that abstraction
occurs readily. Cheng et al. [166] have recently applied time-resolved FTIR spectro-
scopy to study the reaction of methanethiol, for which the dominant reaction
pathway is [167]:

Clþ CH3SH ! HClþ CH3S ð25Þ

The enthalpy of reaction is similar to abstraction of an aldehydic H atom, and IR
chemiluminescent emission was observed for HCl (v 0


 3). Kinetic modelling of the
time-dependence of the emission in combination with vibrational surprisal analysis
resulted in an inverted vibrational population distribution for HCl (v 0

¼ 0):
(v 0

¼ 1):(v 0
¼ 2):(v 0

¼ 3) of (13� 2):(59� 2):(22� 3):(6� 1). Satisfactory fits to the
kinetic data required the inclusion of the minor methyl H-atom abstraction pathway.
The nascent HCl rotational state distributions for the observed levels were obtained
by extrapolating back to zero time and revealed significant rotational excitation
for all vibrational levels. This contrasts with the earlier arrested relaxation study of
Dill and Heydtmann [168], who reported a bimodal rotational distribution for HCl
(v 0

¼ 1) products, and suggested this was a result of branching between the two
product channels. It seems likely that the rotational relaxation in this experiment was
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not adequately arrested and that the bimodality was a consequence of slower
rotational energy transfer for high-J 0 products. Ab initio calculations performed
by Wilson and Hirst [169] and Cheng et al. [166] revealed an adduct bound by
�14 kcalmol�1 in the entrance channel, analogous to that located for the
ClþCH3OH reaction, and a reactant-like transition state lying lower in energy
than the reagent asymptote. This is consistent with kinetic studies [30] which show a
slight negative temperature dependence and no kinetic isotope effect, suggesting
adduct formation as the rate-determining step. This deduction is difficult to
reconcile, however, with the significant vibrational excitation which suggests a direct
abstraction mechanism.

4.2.2. Scattering dynamics and differential cross-sections
Steele et al. [170] presented the first results of crossed beam scattering experi-

ments on the ClþCD3OD reaction at a collision energy of 12.2 kcalmol�1 in a
neglected paper from 1986. Only products of abstraction of methyl D atoms were
observed, despite there being sufficient energy available for reaction at both sites in
the molecule, consistent with kinetic studies. The centre-of-mass frame DCl product
angular distribution was observed to peak in the forward scattering direction,
decreasing gradually to less than half the intensity for back-scattered products,
indicating direct scattering dynamics rather than a complex-forming mechanism.
There is no other report of dynamical studies of the ClþCH3OH reaction in the
literature until it was revisited by Suits and co-workers [171, 172] in 2000. These
authors also used a crossed molecular beam apparatus to study the reactions of Cl
atoms with methanol, ethanol and isopropanol. Velocity map ion images of the
organic radical products were recorded following single-photon ionization using the
157 nm output of a F2 excimer laser. Unwanted ionization of unreacted parent
alcohol in the forward scattered region of the ion image resulted in a large
background signal in the extreme forward scattering region and measurements in
this region were thus deemed unreliable and omitted from the reported angular
distributions. The ClþCH3OH reaction was studied at a collision energy of
8.7 kcalmol�1 and was observed to result in predominantly back-scattered products
with a significant sideways component. Contribution of methoxy radicals to the ion
signal was discounted, since its ionization potential is greater than the photon
energy, allowing unambiguous identification of the products as hydroxymethyl
radicals. Despite the noise in the forward-scattered region of the ion images, any
possibility of forward scattering was discounted, contrary to the observations of
Steele et al. [170], and forward–backward symmetry of the angular distribution, and
hence a complex forming mechanism, was ruled out. The product velocities were
observed to extend almost to the energetic limit, although the peak in the kinetic
energy distribution was lower, indicating internal (rotational or vibrational) excita-
tion of the hydroxymethyl radical, with 39% on average of the available energy
partitioned into translation.

For the ethanol and isopropanol reactions, arguments based on the radical
ionization potentials and evidence from kinetic studies described above, led to the
radical products being identified as the 1-hydroxyethyl and 1-hydroxy-1-methyl-
ethyl radicals, respectively, following the thermodynamically favoured �-hydrogen
abstraction pathways. The reaction involving ethanol was investigated at collision
energies of 6.0 and 9.7 kcalmol�1, and the angular scattering distribution was again
found to peak in the backward direction, with the sideways-scattered component
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observed to increase at the higher collision energy, although the total transla-
tional energy release was near constant at 32–38%. The greater side scatter was
interpreted as a consequence of larger impact parameter collisions playing a greater
role, also leading to greater radical internal excitation. Sideways-scattering collisions
couple the available energy into the radical internal modes more effectively, as
evidenced by the greater average translational energy for the back-scattered products
at the lower collision energy. The reaction of isopropanol at a collision energy of
11.9 kcalmol�1 also resulted in predominantly back-scattered products (although it
must be remembered that the experiments were blind to the forward-scattering
region) and a similar partitioning of the available energy, with 31% going to
translational motion.

An alternative approach, employing velocity map ion imaging to study chemical
reactions with product quantum state resolution, has been pioneered by Toomes
and Kitsopoulos [81]. Unskimmed beams of molecular chlorine and the organic
molecular co-reagent are expanded from parallel pulsed nozzles, offset vertically.
By taking advantage of the almost purely perpendicular (�¼�1) photodissoci-
ation of Cl2 at 355 nm, a beam of Cl atoms is generated which intersects the organic
co-reagent molecular beam at right angles and the products scatter into the probe
laser focal volume, where they are ionized via a 2þ 1 REMPI process and
accelerated towards a position-sensitive detector by electric fields configured for
velocity mapping. Murray et al. [173] applied this technique to measure the state-
resolved differential cross-sections of the reactions of Cl atoms with methanol and
dimethyl ether leading to HCl products in v 0

¼ 0, covering the most populated
rotational states J 0

¼ 2–5, as determined from previous measurements at the same
collision energy [152]. Representative data are shown in figure 11. The differential
cross-sections extracted from the images for the ClþCH3OH reactions show broad
angular distributions with intensity peaking in the forward and backward hemi-
spheres, and are almost independent of J 0. A more marked J 0 dependence in the
angular distributions was observed for the HCl products of the ClþCH3OCH3

reaction, which peaked in the forward direction for low-J 0 and became increasingly
back-scattered at higher J 0, showing a qualitative similarity to the ClþC2H6 and
n-C4H10 reactions. Such results can be understood in terms of arguments used for the
alkane reactions, with lower impact parameter collisions leading to greater backward
scatter and the associated more repulsive interaction inducing HCl rotation. The
kinetic energy release, integrated over all scattering angles, in both reactions studied
was very similar, and in excellent agreement with the results of Ahmed et al. [171,
172] showing, on average, around 40% of the available energy deposited into
product translation. Sideways-scattered products exhibit a smaller kinetic energy
release than those back-scattered, consistent with the VUV ionization experiments
[171, 172]. The forward/backward scattering might be attributed to a long-lived
complex, but the shallow wells on the PES suggest an alternative mechanism
involving direct dynamics at a range of impact parameters.

The centre-of-mass angular scattering distributions for HCl (v 0
¼ 1) products of

the ClþCH3OH reaction derived from core-extracted time-of-flight profiles have
been reported by Bechtel et al. [161]. The measured speed distributions were
unchanged for J 0

¼ 1, 3 and 5 products and displayed a steady increase up to the
maximum allowed speed, while analysis of the spatial anisotropy of the profiles led
to the conclusion that very little energy was partitioned into internal modes of
the hydroxymethyl radical. In contrast, the analogous measurements of the HCl
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(v 0
¼ 0) products resulted in speed distributions, again independent of J 0, which

peaked below the maximum allowed and suggested significant radical excitation,
consistent with the ion-imaging data [171–173]. Transformation of the HCl (v 0

¼ 1)
speed distributions gave CM frame angular distributions with maximum intensity
in the forward-scattered region, which was interpreted as being due to a stripping
mechanism with reaction occurring at large impact parameters and the radical co-
product effectively acting as a spectator. The radical internal excitation precluded
extraction of the angular distribution for the HCl (v 0

¼ 0) products using this
technique, but the observations for v 0

¼ 1 are again consistent with the notion of
the near-thermoneutral channel being associated with large-b, peripheral collisions
with no deflection of the forward trajectory because there is little or no repulsive
energy release [95].

Recently, Toomes et al. [174] studied the reactions of Cl atoms with CH3Cl and
CH3Br using the same velocity map imaging method as was employed for
ClþCH3OH and DME reactions. Images were recorded for the same J 0

¼ 2–5
rotational levels of the v 0

¼ 0 HCl products. From the resulting images, the reactive
scattering of the methyl halide reactions could immediately be seen to be different
from that of the ClþCH3OH and CH3OCH3 reactions. Maximum intensity was
observed in the back-scattered region and the angular distributions were effectively
independent of the HCl product angular momentum. The preference for back-
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Figure 11. Representative ion images of the nascent HCl (v 0

¼ 0, J 0) products formed
with J 0

¼ 2 and J 0
¼ 5 from the reaction of Cl atoms with methanol, and

corresponding angular distributions for the J 0
¼ 2–5 products derived from

direct integration of the images. Vertically downward in the images corresponds
to forward scattering of products in the centre-of-mass frame. Adapted from
data originally presented in Ref. [173].
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scattering was more pronounced in the ClþCH3Cl reaction than ClþCH3Br, for
which the angular distribution was almost isotropic. Kinetic energy release distribu-
tions derived from the images showed approximately 24% of the available energy
partitioned into product translation for both of the methyl halide reactions studied,
which is notably less than the ClþCH3OR (R¼H, CH3) reactions. Rotational
excitation of the HCl products accounted for only a small fraction of the available
energy, indicating that internal excitation of the halomethyl co-products was
substantially greater.

While the nascent HCl rotational excitation in the reactions of Cl atoms with
functionalized organic molecules is plausibly a result of long-range anisotropic
dipole–dipole interactions in the exit channel, the angular scattering is determined
by shorter-range interactions. This is demonstrated by the similarity of the nascent
HCl (v 0

¼ 0) rotational distributions observed for the reactions of Cl atoms with
methanol and dimethyl ether and the disparity in the observed angular scattering.
The angular distributions can be explained, qualitatively at least, by consideration of
the PES in the transition state region, with reference to the more established
understanding of the dynamics of the benchmark reactions of methane and ethane.
The reactions which lead to predominantly back-scattered products, namely
ClþCH4, CH3Cl and, to a lesser extent, CH3Br, are also those which proceed over
a barrier. Ab initio calculations to characterize the transition states [84, 174] predict
an essentially collinear geometry in all cases and, more importantly, relatively high-
frequency transverse bending modes, indicating a steeply rising potential for any
non-collinear Cl-atom approach. Coupled with the barrier to reaction, this con-
strains reactive encounters to small impact parameter collisions, favouring back-
scattered products. For ClþCH4, the C3v symmetry of the transition state results
in two degenerate orthogonal high-frequency bending modes. Substituting an H
atom with a halogen atom reduces the symmetry of the transition states to Cs and
causes a decrease in the frequency, and consequently a relaxation of the potential,
of bending vibrations in the symmetry plane. This effectively relaxes the constraint
on collinearity, leading to more side- and forward-scattered products.

The reactions of Cl atoms with C2H6 and CH3OR0 (R¼H, CH3) lead to far
broader angular scattering of the nascent HCl products. Ab initio calculations [152]
predict these H-atom abstraction reactions to be barrierless, with respect to the
reagents, and in contrast to the ClþCH3X (X¼H, Cl, Br) reactions described
above, the transition states are characterized by low-frequency bending vibrations.
Hence, the energetic penalty for non-collinear attack of the Cl atom is smaller,
allowing abstraction to occur via a wide range of impact parameters including large-
b collisions that result in more forward scattering of the products. The very subtle
J 0-dependence of the products of the reactions of the oxygenated molecules is in
contrast to the ClþC2H6 reaction, which was observed to result in increased back-
scatter for higher J 0 HCl products as a result of more impulsive, small impact
parameter encounters, while forward-scattered products possessed less rotational
excitation as a result of non-impulsive H-atom transfer during a glancing collision.
We have previously suggested that the exit channel dipole–dipole interactions for
ClþCH3OH, which are effectively absent for the ClþC2H6 reaction, served to mix
the J 0 values of the HCl long after the scattering angles have been determined
by short-range forces. Similar arguments can be applied to account for the absence
of any J 0-dependence of the scattering of the HCl products of the methyl
halide reactions.
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5. Summary and conclusions

The preceding sections have reviewed the current state of knowledge of the
kinetics, thermochemistry and dynamics of reactions of Cl atoms with a variety of
organic molecules in which an H atom is abstracted. For functionalized molecules
such as methanol, ethanol, dimethyl ether, and the methyl halides, the H atom is
removed from a carbon atom bonded to the heteroatom in the functional group, and
in all these cases the HCl is observed to be much more rotationally excited than the
products of reactions of Cl atoms either with straight-chain, branched or cyclic
saturated hydrocarbons (see Tables 2 and 4). The extent of rotational excitation of
the HCl does not correlate with the bend angle away from linearity of the Cl–H–C
moiety in the transition state for reaction, as might be expected for impulsive transfer
of H between the two heavier atoms. Indeed, calculations suggest minimum energy
structures for all the transition states in which the Cl–H–C angle deviates by only a
few degrees from collinear. Although reactions will not necessarily proceed through
this minimum energy geometry, it will reflect the likely preferred geometries for
reaction. The bending motion of the H atom within the transition state could also
map onto asymptotic HCl rotation, but no correlation is found between the
computed bending frequencies and the mean rotational energy of the HCl. Reaction
exothermicity might be expected to determine the rotational excitation of products,
but again no clear-cut correlation is identified, although there is a trend within the
alkane systems for more exothermic channels to form HCl with more rotational
energy. More influential might be the energetic height of the TS above the products,
and whether the TS is located early or late along the reaction coordinate, with both
affecting the extent of impulsive energy release, but the available evidence is not yet
compelling.

We have therefore presented arguments for an additional source of HCl rotation
arising from dipole–dipole interactions associated with the post-TS region of the
PES as the products separate. This mechanism acts only weakly for the reactions of
Cl atoms with alkanes because the alkyl radical products have very small dipole
moments, but appears to be important for reaction with functionalized organic
molecules. A clear correlation has been demonstrated between the mean rotational
energy of the HCl and the dipole moment of the radical co-product. Ab initio
calculations identify the presence of shallow wells on this part of the PES that are
associated with an attractive interaction between the HCl and the polar radical.
These wells, or the angular anisotropy of the product valley of the PES, may reorient
the internuclear axes of the products towards a more energetically favourable
configuration involving a hydrogen bonded type structure. Trajectory calculations
clearly illustrate this type of dynamical behaviour, and show that transfer of the H
atom from carbon to chlorine forces the radical product to rotate in such a way as to
bring the negatively polarized heteroatom towards the positive end of the dipole in
HCl, thereby inducing HCl rotation. New experimental methods involving uptake of
radicals at very low temperatures within helium nanodroplets may be able to
characterize spectroscopically the structures of these post-TS complexes [175]. We
cannot fully discount the possibility of trapping within these wells, or scattering
from them resulting in some statistical redistribution of energy among the vibra-
tional and rotational modes of the products, but the wells are shallow and no such
effects are observed for the reactions of Cl with alkanes, which exhibit similar post-
TS potential energy minima (but lack the dipole–dipole induced anisotropy). If our
interpretation of the dynamics is correct, it highlights the importance of the shape,
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structure and polarity of the polyatomic radical co-product in influencing the
reaction dynamics. Traditional quasi-classical trajectory calculations in reduced
dimensionality have proved very successful in the study of the reaction of Cl atoms
with methane [43], with the methyl group treated as a single particle. Such a pseudo-
triatomic approach is unlikely to be so successful, however, for the other reactions
considered in this review, because the radical products formed together with the HCl,
such as ethyl, hydroxymethyl and CH2X, absorb significant fractions of the available
energy in their rotational and vibrational modes as well as interacting with the HCl
via long-range dipolar forces. Direct dynamics trajectories computed on-the-fly in
full dimensionality offer a promising alternative to these QCT methods [19].

The proposed mechanism for rotational excitation of HCl requires the time-scale
for reorientation of the dipoles of the radical product and the HCl to be sufficiently
fast to occur before the products have separated to a distance over which the dipolar
interactions are too weak to be of consequence. In this regard, the reactions of Cl
atoms are very favourable because they are not especially exothermic, so transla-
tional energy release is limited, and the heavy HCl recoils only slowly from the
radical. With the aid of on-the-fly trajectory calculations, we are currently exploring
the effect of greater translational energy in the products, and thus a shorter
interaction time before separation.

In contrast to the rotational distributions of the HCl products of the various
reactions, the scattering dynamics of Cl atoms with alkanes and with functionalized
molecules are broadly similar and can both be qualitatively understood by using
simple arguments based on the range of impact parameters that can lead to products.
Those reactions with negligible barriers (e.g., ClþC2H6 and ClþCH3OH) show
broad angular distributions of products in the differential cross-section because
reaction can occur right out to trajectories in which the Cl atom attacks at the
periphery of the molecule. In contrast, reactions of Cl atoms with methane and the
methyl halides have small but significant barriers that inhibit reaction at large impact
parameters and favour backward and sideways scattered products arising from
lower-b collisions. Evidence from reactions of Cl atoms with ethane and butane
suggests that the more backward-scattered HCl products have higher rotational
excitation because of greater impulsive energy release than for the glancing collisions
that lead to forward scatter. For reaction of Cl atoms with methanol and the methyl
halides, however, such correlations between J 0 and scattering angle are largely
washed out, and we propose that this is a consequence of the long-range dipolar
interactions affecting the HCl rotational motion as the newly formed products
separate.

Work is in progress to examine the effect of structure of the organic molecule on
the reaction dynamics. Towards this objective, we have examined the HCl products
of reaction of Cl atoms with the highly constrained cyclic organic molecules oxirane
(c-C2H4O) and thiirane (c-C2H4S), and hope to distinguish any dynamics of ring-
retaining versus ring-opening mechanisms following abstraction of an H atom.
Future prospects also include attempts to control the branching of reactions such
as ClþCH3OH or ClþCH3NH2 in which there is the possibility of abstraction of
an H atom either from a methyl or a hydroxyl or amino group. One approach
might be to excite vibrational local modes of these molecules to promote reaction at
one site.

Considerable strides have been taken in recent years to understand the model
systems of reactions of H, F, O and Cl atoms with a range of polyatomic molecules.
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Future efforts will inevitably focus on replacing the atomic reagent by a radical
such as OH, CN or CH3, necessitating development of new experimental and
theoretical methods capable of delivering quantum-state specific scattering data.
Exploration of the dynamics of reactions of atoms and radicals in condensed phases
such as liquid organic compounds also presents new and stimulating challenges.

Acknowledgements

We are very grateful to Svemir Rudić, Jeremy N. Harvey, Julie K. Pearce,
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