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The temperature dependences of the rate coefficients of the gas-phase reactions of O(3P) atoms with
CH2@CHCH2Cl and CH2@CClCH3 were studied in the range 298–359 K, using the discharge flow-chemi-
luminescence technique. The Arrhenius expressions obtained (in units of cm3 molecule�1 s�1) were:
k1 = (1.96 ± 0.33) � 10�10exp[(�1476 ± 56)/T] and k2 = (9.11 ± 0.17) � 10�11exp[(�1007 ± 61)/T] with Ea

in J mol�1. Theoretical calculations at different levels of theory were carried out. Both, theoretical and
experimental results, support the conclusion that addition of O(3P) to the less substituted carbon atom
of the double bond of the studied chloropropenes, is the main pathway of the reactions.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The electrophilic addition of the oxygen atom, O(3P), to haloge-
nated alkenes is of interest in the context of chemical oxidative
processes in atmospheric and combustion chemistry [1].

Reactions of ground-state oxygen atoms, O(3P), with alkenes are
both of fundamental and practical importance. O(3P) reactions are
necessary to accurately model the early stages of smog formation
in urban areas and are often important in atmospheric pressure
chamber studies of alkene reactions with OH. O(3P) reactions are
also of central importance in combustion chemistry and serve as
prototype systems for the addition reactions to the C@C bond.
Although a substantial body of kinetic data exists for O atom reac-
tions with a variety of alkenes, only limited information is avail-
able for haloalkenes, most of which has been reviewed by
Cvetanovic [2].

Halogenated alkenes are volatile organic compounds (VOCs)
widely used as degreasing agents and industrial solvents, as well
as in the PVC and PVCD industry making up a significant part of
disposable wastes [3].

As part of a systematic study of O(3P) atom reactivity, we report
here the temperature dependence of the absolute rate coefficients
for the following reactions:

Oð3PÞ þ CH2@CHCH2Cl! products ð1Þ
Oð3PÞ þ CH2@CClCH3 ! products ð2Þ
ll rights reserved.

ne).
The experiments were carried out in a conventional discharge
flow-tube apparatus between 298 and 359 K, in order to obtain
absolute values of the reaction rate coefficients for these reactions
and to compare these values with previously reported rate mea-
surements when available.

To improve our understanding of the reactions of O(3P) atom
with the chloropropenes, we have conducted ab initio calculations
of the kinetics and mechanism of the reactions (1) and (2). The re-
quired electronic structure information for the stationary points
and a series of extra points along the minimum energy path
(MEP) were obtained directly from ab initio electronic structure
calculations. These results allowed us to calculate the activation
energies for the addition and abstraction reactions as well as the
pre-exponential factors and rate constants at 298 K for the addition
channels using the Canonical Transition State Theory. Experimen-
tal and theoretical results are compared and the temperature
dependence of the rate coefficients is discussed.
2. Experimental

The experiments were conducted in a discharge flow system
using the air afterglow chemiluminescence to monitor the oxygen
atom concentration. The apparatus has been described previously
[4,5]. Briefly, the reactor consisted of a Pyrex tube (1.00 m long
and 2.50 cm i.d.) coupled with a sliding injector used to introduce
the chloropropene reactant at one end of the reaction tube.

Oxygen atoms, O(3P), were generated by an electrodeless micro-
wave discharge (30 W, 2.5 GHz) on a 2% O2/He mixture that was
slowly flowed through an Evenson cavity and introduced into the
main flow of He carrier gas through a fixed side-arm port.

http://dx.doi.org/10.1016/j.cplett.2009.10.070
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Reaction times could be varied by adjusting the distance of the
sliding injector with respect to the fixed position of the photomul-
tiplier tube detector. The position of the injector could be changed
from 7.5 to 25 cm from the center of the detection zone, giving
contact times in the range of 4.4–14.2 ms. The system was evacu-
ated by a rotary pump (90 m3 h�1) and a capacitance manometer
(MKS Baratron, 0–10 Torr) was used to measure the pressure in
the flow tube.

Electronic mass flow controllers, previously calibrated for each
gas mixture, were used to control and measure the gas flows in
the reaction tube. Typical linear flow velocities under our experi-
mental conditions were between 1760 and 1857 cm s�1 for the
O(3P) + CH2@CHCH2Cl reaction and between 1364 and 1750 cm s�1

for the O(3P) + CH2@CClCH3 reaction.
The experiments were conducted between 298 and 359 K and

the flow tube pressures were varied in the range of 2.98–4.26 Torr
in experiments with CH2@CHCH2Cl and from 2.82 to 4.05 Torr with
CH2@CClCH3. Helium was used as carrier gas.

The pressure drop along the tube was estimated, considering
the viscosity of He, as negligible. The plug-flow conditions [6,7]
in the flow tube, allowed us to follow the reaction kinetics of the
O(3P) atoms in a known excess of the chloropropene in order to as-
sume the pseudo-first-order approximation.

The concentration of O(3P) atoms was monitored by measuring
the chemiluminescence from the air afterglow reaction in which
O(3P) atoms react with NO to produce electronically excited nitro-
gen dioxide (NO�2) [8]. A constant flow of NO was added 8.5 cm be-
fore the photomultiplier tube detector (Hamamatsu R636) so that
[NO] was ca. (0.9–9.8) � 1013 molecule cm�3, and the chemilumi-
nescence from NO�2 passed through a wide band pass filter
(k < 500 nm) before reaching the photomultiplier tube. The output
signal, St, of the detector that was proportional to the light inten-
sity of chemiluminescence, was amplified and displayed on an
oscilloscope. In all experiments the background signal obtained
when [NO] = [chloropropene] = 0, arising from scattered light in
the reaction tube, was subtracted from St before further analysis.
Concentrations of O(3P) atoms in the kinetic experiments, esti-
mated by the fast reaction with NO2 under second-order condi-
tions [9], ranged between 0.8 and 1.7 � 1012 atoms cm�3 and no
variations in the obtained results were observed.
3. Theoretical calculations

The ab initio molecular orbital calculations were performed
with the GAUSSIAN 03 suite of programs.

All equilibrium and transition state (TS) structures were fully
optimized at the MP2/6-31G(d) (restricted or unrestricted) level
of theory. At the same level of theory, the minimum energy path
(MEP) was obtained by the intrinsic reaction coordinate (IRC) the-
ory to confirm that the transition states really connect to the min-
imum along the reaction path.

Energies were improved by using one of the variants of the
CBS-RAD procedure: the CBS-RAD(MP2, MP2). The CBS-RAD is a
modification of the CBS-Q method in which the geometries and
scaled (at 0.9776) zero-point vibrational energy corrections
(ZPE), are obtained at the QCISD(fc)/6-31G(d) level, and
CCSD(T)/6-31+G+ single-point energy calculations are used to re-
cover the errors that result from spin-contamination in open-shell
systems. The CBS-RAD(MP2, MP2) modification uses geometries
and scaled (at 0.9676) MP2(fc)/6-31G(d) ZPEs, and is useful for
larger systems. The CBS-RAD(MP2, MP2) calculation sequence in
this study was performed on the geometry and frequencies deter-
mined by an MP2(fc)/6-31G(d) calculation; B3-LYP/6-31G(d) is
the suggested method for frequency calculation with CBS-
RAD(MP2, B3-LYP) [10]. The full sequence of calculations required
to obtain the total energies by these procedures is described in
Ref. [10].

The rate coefficient, k(T), at temperature T for a bimolecular
reaction as a function of the activation energy, Ea, and the pre-
exponential factor, A(T), is expressed as: k(T) = A(T)exp(�Ea/RT).
In particular, the A-factor formulation that results from the TST
in terms of the partition functions of the reactants and species in-
volved at the transition state is

AðTÞ ¼ ðkBT=hÞj½Q TSðTÞ=ðQ Oð3PÞðTÞQ CH2¼RðTÞÞ�

where, QOð3PÞðTÞ; QCH2¼R; and QTSðTÞ, are the total partition func-
tions, at temperature T, of the atomic oxygen in its ground elec-
tronic state, the chloropropene of the type CH2 = R with
R = CClCH3 or CHCH2Cl and transition state, respectively; j, is the
transmission coefficient; kB is Boltzmann’s constant, and h is
Planck’s constant. The total partition function of all species can be
cast in terms of the translational (QX

T ), rotational (QX
R), electronic

(QX
E ), and vibrational (QX

V), partition functions. Vibrational partition
functions are evaluated with explicit consideration of the hindered
internal rotation of the different tops involved in the chloroprop-
enes and transition state structures, using the method described
by Ayala and Schlegel [11]. The evaluation of the electronic parti-
tion function, QX

E ðTÞ, for the ground state of the oxygen atom,
O(3P), is a little more complicated than for the other atoms. The
lowest state is 3P2, but there are two states very close to it: 3P1

and 3P0, which are 157.4 cm�1 and 226.1 cm�1 respectively, above
the lowest level. Higher states, however, can be neglected at all
but the highest temperatures. The degenerancies of the three levels
are 5, 3 and 1, respectively. Therefore, on computing the electronic
partition function for the oxygen atom all these contributions were
taken into account [12,13].
4. Materials

The commercial gases used in this study had the following sta-
ted minimum purity: He (AGA 99.999%), O2 (AGA 99.999%), NO
(AGA 99.5%), CH2@CClCH3 (Aldrich 98%) and CH2@CHCH2Cl (Fluka
98%). Nitric oxide was purified by passing it through a trap held at
140 K to remove NO2. Helium was flowed through traps containing
silica gel and molecular sieves (BDH Type 5 A) at 77 K, to remove
water. Chloropropenes were vacuum-distilled before use and oxy-
gen was used as supplied.
5. Results

5.1. Experimental

Using the discharge flow-chemiluminescence technique, the
following Arrhenius expressions were obtained for reactions (1)
and (2):

k1 ¼ ð1:96� 0:33Þ � 10�10 exp½ð�1476� 56Þ=T�
k2 ¼ ð9:11� 0:17Þ � 10�11 exp½ð�1007� 61Þ=T�

with k in units of cm3 molecule�1 s�1 and Ea in units of J mol�1. The
errors in the activation energy and the pre-exponential factor are
2r random only by the fit to the data presented in Table 1.

Absolute rate coefficients, k1 and k2 for these reactions, were
obtained as follows. All the experiments were carried out under
pseudo-first-order conditions, [chloropropene]o/[O(3P)]o always
greater than 10.

In the absence of secondary reactions that significantly deplete
the transient O(3P) atoms, the concentration of O(3P), [O(3P)], var-
ied in an exponential manner with time:



Table 1
Rate constants, experimental conditions and Arrhenius parameters of O(3P) + CH2@CHCH2Cl and O(3P) + CH2@CClCH3 reactions.

T
(K)

k/10�12

(cm�3 molecule�1 s�1)
[Chloropropene]/1013

(molecule cm�3)
Ea

(kJ mol�1)
A/10�11

(cm3 molecule�1 s�1)

CH2@CHCH2Cl
298 1.35 ± 0.09 0.9–6.8 12.3 ± 0.5 1.96 ± 0.33
314 1.90 ± 0.13 1.5–7.5
328 2.22 ± 0.13 2.1–7.1
343 2.65 ± 0.16 1.9–6.3
359 3.15 ± 0.14 2.0–6.5

CH2@CClCH3

298 3.15 ± 0.17 1.3–4.8 8.37 ± 0.5 0.91 ± 0.17
314 3.59 ± 0.22 1.1–4.5
328 4.10 ± 0.22 1.4–4.3
343 4.97 ± 0.25 0.8–3.8
359 5.48 ± 0.28 1.2–3.9

0.000 0.002 0.004 0.006 0.008 0.010 0.012
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Fig. 1. Pseudo-first-order plot of the O(3P) + CH2@CClCH3 reaction at different
concentrations of CH2@CClCH3.
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Fig. 2. Second-order plots for the O(3P) + CH2@CClCH3 reaction at three different
temperatures.
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½Oð3PÞ�t ¼ ½Oð3PÞ�o exp½�ðk½chloropropene�o þ kxÞt� ð3Þ
¼ ½Oð3PÞ�o expð�k0tÞ ð4Þ

ln½Oð3PÞ�o=½Oð3PÞ�t ¼ k0t ð5Þ

where [O(3P)]o is the concentration observed at the detector in the
absence of chloropropene after wall losses and [O(3P)]t is the con-
centration after reaction with the chloropropene over time t, k0 is
the measured pseudo-first-order rate coefficient and kx is the
first-order rate coefficient for O(3P) disappearance by diffusion out
of the detection zone, reaction with background impurities or wall
losses.

In order to monitor the O(3P) concentration, a known excess of
NO was added to produce electronically excited NO�2 whose global
chemiluminescence was checked 8.5 cm downstream of the NO in-
let port, following the air afterglow reaction:

Oð3PÞ þNOþM! NO�2 þM ð6Þ

If O atoms react via reaction (6) under our experimental condi-
tions, the NO2 molecules formed rapidly consume O atoms to
reform NO via reaction (7) (k298 K = (9.7 ± 1.0) � 10�12 cm3 mole-
cule�1 s�1) [14]:

Oð3PÞ þNO2 ! NOþ O2 ð7Þ

Thus, every time an NO molecule changes to NO2 in reaction (6),
it is almost immediately regenerated by reaction (7). The effect is
that the concentration of nitric oxide does not decay along the flow
tube. It can be shown that the intensity, S, of the air afterglow is
proportional to the product of the NO and O concentrations. Since
[NO] is constant, the intensity of the signal at selected points down
the tube is a relative measure of [O(3P)].

The first-order kinetic analysis considered in this work is based
on the ratio S0/St, where S0 is the chemiluminescence signal with-
out reactant and St is the signal after addition of reactant at a fixed
time of contact. The O(3P) loss between the NO entrance and the
detection zone for the reaction with the NO was calculated as less
than 4%.

Taking into account the above considerations, equation (5), can
be written as:

lnðS0=StÞ ¼ k0t ð8Þ

For a specific concentration of chloropropene, the pseudo-first-
order decay rate coefficient, k0, was computed from the slope of a
plot of ln(S0/St) as a function of contact time which was linear for
approximately 0.5–3 1/e lifetimes. An example of pseudo-first-or-
der plot for the O(3P) + CH2@CClCH3 reaction is shown in the
Fig. 1. The second-order rate coefficients, k, for reactions (1) and
(2), were obtained from the slopes of the lines of the plots of k0
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vs [chloropropene]o. An example of second-order plot for the
O(3P) + CH2@CClCH3 reaction is shown in the Fig. 2. Linear least-
squares fits to the data points yield the values of k1 = (1.35 ±
0.08) � 10�12 cm3 molecule�1 s�1 and k2 = (3.15 ± 0.17) � 10�12

cm3 molecule�1 s�1 at 298 K. The error limits are one standard
deviation from the least-squares analysis. An estimated 10–20%
uncertainty should be added for possible systematic errors [7].
The pseudo-first-order rate coefficients were corrected for axial
and radial diffusion [7], and this procedure resulted in <5% upward
correction of the k0 values.

The linearity of the data points, (Figs. 1 and 2) suggests that the
contribution to the decay of O(3P) atoms due to secondary reac-
tions with the products of the title reactions or with impurities
are negligible. Also, the fact that the plots show practically zero
intercepts is consistent with a negligible loss of O atoms by wall
reactions (kw = 4–10 s�1). As the wall losses of O atoms were neg-
ligible no corrections for velocity profile effect were required [7].
The pressure of the reactor was varied for both reactions as indi-
cated in the experimental section and the observed rate coefficient
values remained unchanged.

Arrhenius plots were linear in the experimental temperature
range as shown in (Fig. 3). Experimental conditions, rate coeffi-
cients and Arrhenius parameters for both reactions, are summa-
rized in the Table 1.

5.2. Calculations

Bond distances of the reactants, transition states and products
for the reactions of O(3P) with CH2@CClCH3 and CH2@CHCH2Cl
are shown in Fig. 4.

The calculated scaled harmonic vibrational frequencies for reac-
tants, products and the corresponding transition states at the
MP2(full)/6-31G(d) level of theory are shown in Table 2, together
with the only available experimental values for CH2@CHCH2Cl
[15].

The computed vibrationally adiabatic barriers, VAB are shown
in Table 3 for the reactions under study at the two levels of theory
here used. The following equation was used to determine these
barriers:

VAB ¼ ETS � ER þ ZPETS � ZPER

where, ETS and ER are the ab initio energies of the transition states
and reactants, respectively and ZPETS and ZPER are the correspond-
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Fig. 3. Arrhenius plots for the O(3P) + CH2@CClCH3 and O(3P) + CH2@CHCH2Cl
reactions between 298 and 359 K.
ing zero-point energy corrections. The experimental activation
energies, Ea, obtained in this work, for the addition reactions are
also listed in Table 3 for comparison purposes.

The O(3P) atom may either add to the double bond of the chlo-
ropropene or abstract a H atom. For the reaction of O(3P) with
CH2@CHCH2Cl we have located two transition states TS1 and TS2
(Fig. 4) which lead to the addition of the O atom to the double
bound of the 3-chloropropene at the C1 and C2 carbon atoms,
respectively.

On the other hand, for the H-abstraction reactions, we distin-
guish four different types of H atoms in CH2@CHCH2Cl. If abstrac-
tion occurs from the terminal @CH2 group, transition states TS3
and TS4 were found which correlate with the products CHCHCH2Cl
(I) and CHCHCH2Cl (II) shown in Fig. 4. The relative energies of
these two transition states calculated at the CBS-RAD(MP2/MP2)
level of theory are quite high, 58.03 and 56.48 kJ mol�1, respec-
tively as observed in Table 3. If, however, abstraction takes place
from the H atoms of the –CH2Cl group via TS5 with 27.45 kJ mol�1

of energy above that of reactants, the CH2@CHCHCl radical is
formed. Finally, abstraction from the @CHA group via TS6 has a
barrier of 64.94 kJ mol�1 to form the CH2CCH2Cl radical. The imag-
inary frequencies, presented in Table 2, associated to the different
transition states are 2051i, 2038i, 2600i and 1993i cm�1 for TS3,
TS4, TS5 and TS6, respectively.

For the reaction between O(3P) and CH2@CClCH3, two addition
channels were also considered on each of the two carbon atoms
of the double bond, @CH2 and @CClA, through transition states
TS1a and TS2a, respectively (Fig. 4).

Regarding the abstraction channels, three different H atoms
were considered; two reaction pathways for the H atoms of the
@CH2 group leading to the radicals CHCClCH3 (I) and CHCClCH3

(II) via TS3a and TS4a (Fig. 4) with relative energies of 72.22 and
62.13 kJ mol�1, respectively as shown in Table 3. Abstraction from
the –CH3 group corresponds to the formation of the CH2@CClCH2

radical via TS5a with 29.29 kJ mol�1 of energy. Table 2 contains
the imaginary frequencies of 1896i, 1942i and 2551i cm�1 corre-
sponding to TS3a, TS4a and TS5a, respectively.
6. Discussion

To the best of our knowledge, this Letter presents the first study
of the temperature dependence of the reactions of O(3P) atoms
with CH2@CHCH2Cl and CH2@CClCH3.

The reaction of CH2@CHCH2Cl with O(3P) atoms was studied
previously by Park et al. [16] using the discharge flow-mass spec-
trometry technique and reviewed later by Cvetanovic [2]. The rate
constant obtained in the present work for this reaction of
1.35 � 10�12 cm3 molecule�1 s�1 is in acceptable agreement, with-
in experimental error, with the recommended value of Cvetanovic
of 1.01 � 10�12 cm3 molecule�1 s�1 at room temperature, consider-
ing an estimated accuracy of around ±20% in both cases. The 3-
chloropropene was also studied at room temperature with other
atmospheric oxidants, OH [17], Cl [18], O3 [19] and NO3 [20]. There
are only three systematic studies at different temperatures, one is
with the OH radical [17] another with NO3 radical [21] and the
third with the O3 molecule [22].

On the other hand, this is the first study of the reaction of O(3P)
with CH2@CClCH3. Previous works involve two theoretical studies
of the kinetics of this molecule with Cl atoms [23] and NO3 radicals
[24].

The dependence of ln k with 1/T for the two reactions studied is
shown in Fig. 3. A linear variation is observed over the temperature
range investigated, suggesting that the reactions proceed via a sin-
gle elementary pathway over the temperature range of our study
and furthermore, that this channel is addition of O(3P) to the dou-



Fig. 4. Optimized geometries for reactants, transition structures and products of the O(3P) + CH2@CHCH2Cl and O(3P) + CH2@CClCH3 reactions. Bond lengths are given in
angstroms.
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ble bond of the chloropropenes. Both reactions show positive acti-
vation energies with increasing rate coefficients as the tempera-
ture increases between 298 and 359 K.
The measured rate constants, on the order of 10�12 cm3 mole-
cule�1 s�1 and the small temperature dependences detected for
both chloropropenes (Ea < 13 kJ mol�1), suggest a general mecha-
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Table 3
Experimental and calculated Vibrationally Adiabatic Barriersa at the MP2/6-31G(d)
and CBS-RAD(MP2/MP2) levels of theory.

Addition or abstraction
eactions by O(3P)

MP2/6-31G(d) CBS-RAD
(MP2/MP2)

Experimentalb

C1H2@C2HC3H2Cl
CH2@CHCH2Cl 24.48 10.33 12.30
CH2@CHCH2Cl 23.35 11.25
CH2@CHCH2Cl (I) 92.76 58.03
CH2@CHCH2Cl (II) 92.17 56.48
CH2@CHCH2Cl 59.04 27.45
CH2@CHCH2Cl 83.55 64.94

C1H2@C2ClC3H3

CH2@CClCH3 20.54 8.24 8.37
CH2@CClCH3 32.59 15.77
CH2@CClCH3 (I) 97.15 72.22
CH2@CClCH3 (II) 88.32 62.13
CH2@CClCH3 62.89 29.29

a Units are in kJ mol�1. The addition or abstraction takes place on the C or H atom
indicated in bold letters.

b This work.
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nism for the reactions consisting of an electrophilic addition of the
O atom to the p-electron system of the chloropropenes to form an
energy-rich complex, a triplet biradical, which may either colli-
sionally stabilize or unimolecularly decompose to form products
[2,25]. The observed activation energies should then be for the pro-
cess that leads to the formation of the triplet biradical. The reac-
tions exhibit positive temperature dependences, suggesting that
dissociation of the triplet biradical would be a fast process, due
to the excess energy involved in its formation, so that the lifetime
of the metastable adduct is sufficiently short that collisional relax-
ation does not occur. This would be supported by the experimen-
tally observed pressure independence of these reactions,
meaning that upon formation of adduct, the reverse dissociation
to reactants does not occur so that the effective rate determining
step is passage through the entrance channel transition state.

The proposed mechanism is also supported by the theoretical
calculations. Agreement between the computed adiabatic barriers
by the CBS-RAD(MP2/MP2) method and the experimental activa-
tion energies for the addition reactions is reasonably good as ob-
served in Table 3. It can also be seen in Table 3 that for
CH2@CHCH2Cl, even though the difference between the VABs is
not very significant (0.92 kJ mol�1), the VAB for addition to C1 is
lower than that for addition to C2. For CH2@CClCH3, the difference
is larger (7.53 kJ mol�1) and there is still better agreement between
the calculated and experimental activation energies for addition to
C1. The fact that addition to C1 seems to be favoured, in both cases,
the calculated VAB values are lower for addition to C1, could be ex-
plained taking into account steric hindrance by the bulky Cl atom
which would orient the O atom addition to the less substituted C
atom of the chloropropene. This would support Cvetanovic’s
[26,27] general conclusion that addition of O atoms to the double
bond, is primarily to the less substituted carbon atom.

Considering the electrophilic nature of O atom attachment to
the double bond, this line of reasoning is also consistent with the
ab initio calculations carried out in this work of the total atomic
charges of the C1 and C2 atoms in CH2@CHCH2Cl and CH2@CClCH3.
For 3-chloropropene the corresponding values are: �0.381 and
�0.121 for C1 and C2, respectively, whereas for 2-chloropropene
these are: �0.387 and �0.0486, respectively.

Furthermore, both experimental and theoretical values, calcu-
lated at the CBS-RAD(MP2/MP2) level of theory of activation en-
ergy, pre-exponential factors and rate constants at 298 K, shown
in Table 4, are in good agreement if addition occurs at C1 of both
chloropropenes, leading to the more stable and more substituted
triplet biradical adduct. In fact, from the calculated values of the



Table 4
Calculated kinetics parameters Ea (kJ mol�1), A-factors and rate coefficients, k, at 298 K (cm3 molecule�1 s�1) for the O(3P) + CH2@CHCH2Cl and O(3P) + CH2@CClCH3 reactions.a

Addition reactions by O(3P) to the chloropropenes MP2/6–31G(d) CBS-RAD(MP2, MP2) Experimental

Ea A/10�10 k/10�16 Ea A/10�10 k/10�12 Ea A/10�10 k/10�12

C1H2@C2HC3H2Cl 24.48 1.45 9.99 10.33 1.45 2.23 12.30 (1.96 ± 0.33) (1.35 ± 0.08)
C1H2@C2HC3H2Cl 23.35 0.153 1.68 11.25 0.153 0.163
C1H2@C2ClC3H3 20.54 2.23 76.1 8.24 2.23 8.00 8.37 (0.91 ± 0.17) (3.15 ± 0.17)
C1H2@C2ClC3H3 32.59 0.00149 0.000390 15.77 0.00149 0.000255

a The addition takes place on the C atom indicated in bold letters.
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rate constants at 298 K, it can be concluded that 93% of the addi-
tion reaction goes to C1 for 3-chloropropene and almost 100% for
2-chloropropene. This again is in accordance with Cvetanovic
[26,27], who carried out an extensive study of the products of O
(3P) reactions with alkenes pointing out that addition takes place
on the less substituted carbon atom of the double bond of the
alkene.

It was mentioned previously that H-abstraction is the other
possible pathway for the reaction of O atoms with the chloroprop-
enes of this study. It is clear from Table 3 that abstraction cannot
compete with the major channel, identified as the addition to C1

of both chloropropenes.
According to the data shown in Table 3, for the reaction of O(3P)

with CH2@CHCH2Cl the relative energies of the transition states for
the H-abstraction channels are between 34.56 and 68.28 kJ mol�1

calculated at the MP2/6-31G(d) level of theory and between
17.12 and 54.61 kJ mol�1, calculated at the CBS-RAD(MP2/MP2),
above the energy of the transition state of the addition to C1.

Likewise, for the reaction of O(3P) with CH2@CClCH3, the energy
barriers for the abstraction channels are 42.35–76.61 kJ mol�1 and
21.05–63.98 kJ mol�1 higher than the corresponding values for C1

addition, calculated at the MP2/6-31G(d) and CBS-RAD(MP2/
MP2) levels of theory, respectively. Thus, abstraction cannot com-
pete with the addition steps at low to fairly high temperatures.
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