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Abstract The complex potential energy surface for the
reaction of triplet oxygen atom, O(3P), with trans-2-butene
is investigated at the MP2, PMP2, CCSD(T), CBS-4M and
CBS-QB3 levels of theory. Both the O-addition and the
two H-abstraction channels are thoroughly investigated. As
expected, the calculations show that the O-addition is the
most favourable process from a kinetic point of view.
Various isomerization and dissociation pathways are
explored following the addition of O(3P) to trans-2-butene.
Our calculations show that in the high-pressure limit, the
major products are CH3CHC(O)H ? CH3 (P1); whereas in
the low-pressure limit the most thermodynamically stable
products form: CH3CO ? CH3CH2 (P4). A more realistic
prediction of reaction products is an intermediate case,
being P1 more abundant followed by P4, in agreement with
experimental data. The CBS-QB3 Gibbs free energies for
the O-addition are smaller than those obtained at the CBS4M level of theory, but the same general trends are
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obtained by these methods. The reaction and activation
enthalpies, calculated at the CBS-QB3 level of theory, are
in very good agreement with the experimental results
available.
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1 Introduction
There is considerable interest in performing both experimental and theoretical studies of the triplet oxygen atom
reaction with saturated and unsaturated compounds due to
the presence of several resulting radicals from these reactions in various combustion processes and atmospheric
reactions [1–3]. Many experimental studies have tried to
simulate the reaction conditions in different situations
[4–10]. Formyl (HCO), acetyl (CH3CO) and vinoxy
(CH2CHO) are some of the radicals of more concern. Due
to their reactivity, these radicals have the ability to contribute to the production of tropospheric ozone [3].
The investigation of reaction channels, using theoretical
approaches, contributes to a better understanding of reaction mechanisms and, therefore, to improve realistic conditions, such as combustion efficiency. The reaction of
oxygen atoms in their ground electronic state O(3P), with
alkenes are important in understanding the combustion
processes of hydrocarbons. The initial step of this reaction
has been suggested to be the addition of the O(3P) atom to
the carbon–carbon double bond forming a biradical in the
triplet state. Dating back to the early 1950s, Cvetanovic
and co-workers carried out pioneering studies and have
shown that the initial step of the reaction consists of an
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attachment of the electrophilic O atom to the less substituted carbon atom of the double bond, forming an addition
adduct, RCH2CHCH2O [11–17]. The prototype reaction,
that is, O(3P) with ethylene, has been extensively investigated over decades [18–30], mainly focusing on the competition between the various direct H-abstraction channels.
Alkylation at one carbon atom makes the other one more
likely to add an incoming O atom since a more stable
biradical is to be formed. The allylic C–H bonds of the side
chains are good targets for H-abstraction reactions. After a
certain delay, the initially formed adduct falls apart, producing a variety of highly reactive radicals that are
speedily converted into other species when in a hydrocarbon flame. Thus, in general, it is essentially impossible to
determine the primary reaction products unless singlecollision conditions are used [31]. The only single-collision
experiments known to us on these reactions are the crossed
molecular beam studies of Schmoltner et al. [7] on the
O(3P) reaction with ethylene and those of Anofsky et al.
[10, 18]. on the reactions of O(3P) with ethylene, propene
and 1-butene. More recently, Bersohn’s group [29–35] has
performed a series of detailed studies of the reaction
products of O(3P) with alkenes. The triplet biradical, which
forms following the addition of O(3P) to the C = C bond,
decomposes directly to a variety of final products [36].
Several channels corresponding to the O(3P) attack on
substituted alkenes H2C = CHR (where R is an alkyl
group) have been identified. For instance, it has been found
that for the O(3P) addition to ethylene, propene, and other
alkenes (including 1-C4H8, cis-2-C4H8, iso-C4H8, 1-C5H10,
allene, 1,3-C4H6, cyclopentene, and cyclohexene), the
HCO channel branching ratios are 0.71 ± 0.16,
0.05 ± 0.02, and 0, respectively [32]. In order to explain
these findings, it has been proposed that the H2CO channel
becomes more important as the hydrocarbon chain of the
alkene increases since larger quantities of this substance
are detected in these cases.
Oguchi et al. [36] have investigated the mechanism of
the reaction of O(3P) with three butene isomers (trans-2-,
iso- and 1-butene) and have measured the yields of CH3 and
C2H5 radical products using photoionization mass spectrometry. For 1-butene, the fractions of CH3 and C2H5
products are only 0.05 ± 0.01 and 0.29 ± 0.05, respectively. For trans-2-butene, these values are 0.52 ± 0.10 and
0.29 ± 0.05, respectively. The total fraction yield of the
CH3 and C2H5 products is 0.81. The rest of the channels
accounting for the fraction of other products remain
unclear. Zhao et al. [37] investigated the reaction pathways
for the O(3P) attack to iso-butene using the MP2 and CBS4M methods, and they predicted the major product channels
to be CH2C(O)CH3 ? CH3, cis/trans-CH3CHCHO ? CH3,
(CH3)2CCO ? H2 and CH3C(CH2)2 ? OH, with the
(CH3)2CCO ? H2 channel being the most energetically
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favourable. The channels leading to the formation of
HCO ? (CH3)2CH,
(CH3)2C ?
H ? (CH3)2CCHO,
H2CO, H ? (CH3)2-CHCO, CO ? (CH3)2CH2 and
(CH3)2CO ? CH2 are minor ones. Very recently, Zhao
et al. [38]. have studied the reaction pathways of O(3P) with
1-butene using the MP2 and G3 levels of theory. Their
computational results indicate that the site selectivity of the
addition of O(3P) to either carbon atom of the double bond
of 1-butene is not significant. The calculated heats of
reaction at the G3 level for various product channels are in
good agreement with the experimental data.
The theoretical method to be chosen to study the
kinetics and the thermodynamics of the different reaction
channels of these reactions should reproduce the experimental data available. The more substituted the alkene, the
lower the activation energy for the O(3P) addition. It is well
known that several alkenes (e.g., trans- and cis-2-butene)
have negative Arrhenius activation energies. Values
between -1.20 and -2.66 kcal/mol have been reported for
trans-2-butene [39–43].
Our aim in this paper is to perform a theoretical study of
the different reaction channels of the reaction of O(3P) with
trans-2-butene exploring calculations at the MP2, PMP2,
CCSD(T), CBS-4M and CBS-QB3 levels of theory. Both
the addition and the two H-abstractions are thoroughly
probed on the triplet potential energy surface, and the
major products of these reactions are predicted. Several
possible isomerisation and dissociation pathways following
the addition reaction are explored. Calculated reaction and
activation enthalpies are compared with available experimental data.

2 Computational details
Ab initio calculations were carried out with the Gaussian 03
suite of programs [44]. Using the Møller–Plesset perturbation theory truncated at the second order [45] in conjunction with the 6-311G(d,p) basis set, full geometry
optimizations followed by frequency calculations at the
same level of theory were performed for all the stationary
points. Restricted (RMP2) and unrestricted (UMP2)
methods were used for the closed and open-shell systems,
respectively. Spin contamination of the open-shell systems
was small. For the doublet radicals and the triplet biradicals, the expectation values of the total spin S2 were \0.76
and 2.01, respectively, after spin annihilation. For the TSs,
the spin contamination was slightly larger than for the other
stationary points. Single-point energy calculations were
performed at the CCSD(T)/6-311G(d,p) level of theory
using the MP2 geometries. Additional calculations were
performed using the CBS-4M [46, 47] and CBS-QB3 [47,
48] composite methods that employ HF/3-21G(d) and
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B3LYP/6-311G(2d,d,p) geometries and frequencies,
respectively, followed by a sequence of high-level singlepoint energy calculations and corrections designed to
account for basis set truncations.

3 Results and discussions
The CBS-QB3 relative enthalpies and Gibbs free energies
are reported in Table 1. The MP2/6-311G(d,p), PMP2/611G(d,p)//MP2/6-311G(d,p), CCSD(T)/6-311G(d,p)//MP2/
6-311G (d,p), CBS-4M and CBS-QB3 relatives enthalpies
and Gibbs free energies are reported in Table S1 of the
Electronic Supplementary Material (ESM) section. The
energies, various (MP2) thermal corrections, enthalpies and
Gibbs free energies (in a.u. at 298.15 K) of the important
stationary points along the trans-2-butene ? O(3P) addition and H-abstraction channels calculated at different
levels of theory are reported in Table S2. The Cartesian
coordinates of the CBS-QB3-optimized geometries of the
stationary structures (reactant, intermediates, TSs and
products) considered in the present study are reported in

Table 1 Enthalpy and Gibbs
free energy change (relative to
the isolated reactants, in kcal/
mol at 298.15 K) of important
stationary points along the
trans-2-butene ? O(3P)
addition and H-abstraction
channels calculated at the CBSQB3 level of theory

the ESM section as well, along with the structures of the
intermediates and TSs.
The best agreement with the experimental reaction
enthalpies [36] is obtained with the CBS-QB3 method,
with absolute deviations of 0.13–0.68 kcal/mol. The CBS4M and PMP2 calculations have absolute deviations of
0.64–3.60 and 0.12–4.36 kcal/mol, respectively. The MP2and CCSD(T)-calculated reaction enthalpies have larger
errors. As it can be seen from Table 1, the reported
experimental activation enthalpies for the addition step are
negative, between -1.20 and -2.66 kcal/mol. Only the
CBS methods are able to reproduce the expected negative
sign. The CBS-QB3 result is in excellent agreement with
experiment [43] (-2.32 kcal/mol), but the CBS-4M result
is underestimated (-6.33 kcal/mol).
As clearly seen, the CBS-QB3 method is able to successfully reproduce the thermodynamic and kinetic data
available for the reaction channels under study; hence, it
can be used with confidence to calculate the mechanism of
this reaction and to predict the thermodynamic and kinetic
data not yet available. The CBS-4M method works reasonably well, but the MP2, PMP2 and CCSD(T) results

Relative enthalpy change
DHexpb

DGCBS-QB3

-29.83

-29.19

-33.08

-23.21

DHCBS-QB3
O(3P) ? trans-2-butene
CH3CHCOH ? CH3 (P1)

Relative gibbs free energy change

0.00

0.00

CH3CHCOCH3 ? H (P2)

-23.89

CH3CHO ? CH3CH (P3)

-11.81

CH3CO ? CH2CH3 (P4)

-31.08

-30.86

-35.47

CH3CH2CO ? CH3 (P5)

-30.15

-29.90

-32.68

CH2COCH3 ? CH3 (P6)

-30.51

-30.38

CH3CHCHCH2 ? OH (P7)a

-15.94

CH3CHCCH3 ? OH (P8)a

-24.81
-15.46

-34.27
-17.91

5.52

2.99

3

-27.07

-19.68

3

-13.61

-10.98

3

-30.84

-30.84

3

-33.30

IM1
IM2
IM3
IM4

-25.37
c
DH6¼
exp

a

Hydrogen abstraction
products (P7 and P8) and TSs
(TS9 and TS10)
b

Experimental reaction
enthalpies taken from Ref. [36]
DH6¼
exp ¼ Eaexp  2RT; for
bimolecular gas-phase reactions
(Ref. [49]): -1.20 (Ref. [38] and
[39]; Ea exp = -0.02 kcal/mol);
-1.54 (Ref. [40]; Ea exp =
-0.36 kcal/mol); -2.66 (Ref.
[41]; Ea exp = -1.48 kcal/mol)
c

3

-2.32

3

-18.51

3

-15.30

-7.35

3

-9.20

-3.20

3

-10.34

-5.28

3

-22.70

-15.38

3

-19.63

-12.39

3

-0.99
3.21

5.69
10.21

3

5.57

12.75

TS1
TS2
TS3
TS4
TS5
TS6
TS7

TS8
3
TS9 a
TS10 a

[-1.20,-2.66]

5.34
-11.17
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Scheme 1 Schematic representation of the different channels studied for the reaction of trans-2-butene with O(3P)

should not be used to quantitatively study the thermodynamics and kinetics of the reactions of alkenes with O(3P).
Spin contamination and its effect on the optimized MP2
geometries could be one of the reasons why the MP2,
PMP2//MP2 and CCSD(T)//MP2 calculations are unable to
reproduce the experimental data available. However, a few
test calculations were performed using the CBS-QB3
geometries and frequency corrections combined with
CCSD(T)/6-311G(d,p) single-point calculations and very
similar relative enthalpies were obtained in comparison
with the CCSD(T)//MP2 values reported in this paper (see
Table S1). These results indicate that spin contamination
on the MP2 geometries is not the main reason for the
discrepancy with the experimental data.
The following subsections deal with the various pathways corresponding to the addition of O(3P) to trans-2butene, the two possible H-abstractions and a comparison
between these two channels. Scheme 1 provides a representation of the different channels considered.
3.1 The O-addition to trans-2-butene
Due to the symmetry of trans-2-butene, the addition of the
O(3P) atom can occur at either of the two carbon atoms of
the C=C bond. Figure 1 displays the potential energy
profile of the adiabatic channels in the triplet state for the
addition pathways calculated at the CBS-QB3 level of
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theory, focusing on Gibbs free energy changes at 298.15 K.
The structure of the different transition states (TSs) and
intermediates are shown to facilitate the discussion that
follows. The CBS-4M and CBS-QB3 results follow very
similar qualitative trends; however, the CBS-QB3 Gibbs
free energy barriers are smaller than the CBS-4M ones. The
following discussions will focus on the CBS-QB3 Gibbs
free energy data.
In Fig. 1, the first TS (3TS1), which is 5.3 kcal/mol
higher in G than the isolated reactants, corresponds to the
addition of O(3P) to trans-2-butene, yielding the formation
of the intermediate 3IM1, CH3CHCH(O)CH3. Three
reaction channels follow the formation of this triplet
adduct. The least energetic channel, with a barrier of
8.5 kcal/mol, leads to the formation of P1 (CH3CHC(O)H
and CH3, located at 33.1 kcal/mol below reactants) via
3
TS2 (located 11.2 kcal/mol below reactants). 3TS2 results
from the rupture of the C(O)–CH3 bond in 3IM1. This
channel corresponds to the lowest-energy decomposition
pathway of 3IM1, which makes P1 the main products of the
reaction investigated. Indeed, the formation of CH3 in this
reaction channel is in agreement with the experimental
finding regarding the high CH3 yield [36]. In addition, with
a barrier of 12.3 kcal/mol, 3IM1 leads to the formation
of the product P2 (CH3CHC(O)CH3 ? H, located at
24.8 kcal/mol below reactants) via 3TS3 (which is at
-7.4 kcal/mol relative to reactants). The third (more
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Fig. 1 Gibbs free energy profile of the adiabatic channels in the triplet state for the addition pathways of the reaction of trans-2-butene with
O(3P) calculated at the CBS-QB3 level of theory at 298.15 K

energetic) reaction channel from 3IM1 involves the cleavage of the C–C bond between positions 2 and 3 to form the
intermediate 3IM2, via 3TS4 (which is at -3.2 kcal/mol
relative to reactants and 16.5 kcal/mol above 3IM1). This
intermediate, which is located at 11.0 kcal/mol below
reactants, is the triplet complex formed between CH3CH
and CH3CHO.
From 3IM2, a third set of products (P3) could form
(CH3CH ? CH3CHO) which is 15.5 kcal/mol below
reactants. Alternatively, depending on reaction conditions,
a hydrogen abstraction could take place between the fragments of 3IM2 via 3TS5 (which is -5.3 kcal/mol relative to
reactants) with a barrier of 14.4 kcal/mol. The product of
this reaction is the triplet reactant complex between
CH3CH2 and CH3CO, and 3IM3, which is 30.8 kcal/mol
below reactants. Once 3IM3 forms, the most realistic
pathway to follow is the formation of P4 (CH3CH2 ?
CH3CO), the most thermodynamically stable product of all
the channels considered for the reaction under study
(located at 35.5 kcal/mol below reactants). This calculation
is in good agreement with the experimental findings of
Oguchi et al. [36].
An alternative channel was considered that leads to the
C–C bond formation between the fragments in 3IM3 to
form 3IM4 (CH3CH2C(O)CH3, located at 25.4 kcal/mol
below reactants) via 3TS6 (which is at -15.4 kcal/mol
relative to reactants) with a barrier of 15.5 kcal/mol.
There is a singlet TS for the 2,3-hydrogen shift connecting
IM1 and IM4 on the singlet potential energy profile;

however, our calculations indicate that this TS does not
exist in the triplet surface we are studying in this paper.
From an energetic point of view, it is unlikely that 3IM4
will form, but if it does, two fragmentation reaction
channels could be considered that would increase the high
overall yield of CH3 in this reaction. 3IM4 can dissociate to
form P5 (CH3CH2CO ? CH3, located at 32.7 kcal/mol
below reactants) via 3TS7 by overcoming a barrier of
13.0 kcal/mol (3TS7 is at -12.4 kcal/mol relative to
reactants). Furthermore, 3IM4 could form the product P6
(CH2C(O)CH3 ? CH3, which lies 34.3 kcal/mol below
reactants) via 3TS8 which is 31.1 kcal/mol above 3IM4
(3TS8 is at 5.7 kcal/mol relative to reactants).
It is worthy to note that the Gibbs free energy barrier
from 3IM1 to form H atoms (P2) is higher than that to form
CH3 radicals (P1), in agreement with the relative bond
energy difference to break C–C and C–H bonds [31]. In
general, Fig. 1 shows that the more stable a product, the
lower the Gibbs free energy of its corresponding TS relative to the other reaction channels (P6 would be an
exception). For example, P1 is more stable than P2, and
this one is more stable than P3. The TSs leading to their
formation follow the same energetic order. The barrier to
form the most thermodynamically stable product (P4) is the
smallest of all (the barrier between IM2 and TS5 is
5.7 kcal/mol) after the formation of 3IM1. P4 is the most
thermodynamically stable product because it leads to a
more stable primary radical (e.g., CH2CH3 is more stable
than CH3).
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The biradical adducts 3IM1 (CH3CHC(O)HCH3) and 3IM2
(CH3CHCH3CHO) are important intermediates in these
reactions since they lead to the formation of the two most
important reaction products, P1 and P4. Our calculations show
that in the high-pressure limit, collisional stabilization leads to
the formation of P1 (CH3CHC(O)H ? CH3) as the major
reaction product (the product that forms with the smallest
reaction barrier). However, in the low-pressure limit, there is
no collisional stabilization and everything with Gibbs free
energies below 3TS1 (the highest-energy point the system has
overcome) can form (this would exclude the formation of
3
TS8 and P6). Hence, the reaction channel that leads to the
most thermodynamically stable product, P4 in our case
(CH3CO ? CH3CH2), predominates. A more realistic prediction of reaction products is an intermediate case in which
there are some collisions that lead to some degree of stabilization, being P1 more abundant followed by P4, in agreement
with the experimental data [36]. Close to the low-pressure
limit, the formation of P2 (CH3CHC(O)CH3 ? H) could
compete due to tunnelling with the previously mentioned
channels. At high pressures, P2 is not thermodynamically
favoured.

corresponding to the various reaction channels have been
explored at the CBS-QB3, CBS-4M, CCSD(T), PMP2 and
MP2 levels of theory. The calculated CBS-QB3 reaction
and activation enthalpies are in very good agreement with
the experimental data available, which gives us confidence
in the calculated mechanism and in the quality of the
predicted thermodynamic and kinetic data for this reaction
at this level of theory.
O(3P) atoms can attack either the carbon atom of the
C=C bond or the hydrogen of the methyl group. The
O-addition to the double bond is by far the most important
reaction. This conclusion is in good agreement with the
statements of Min et al. [33], indicating that the existence
of extra side chains makes the addition of an O atom to a
carbon atom of the double bond easier. As indicated some
time ago by Cvetanovic [14–16], this is a consequence of
the increased electronic density of the carbon atoms of the
double bond. Our most realistic prediction of reaction
products from the calculations presented in this paper lead
to P1 (CH3CHC(O)H ? CH3) as the most abundant product followed by P4 (CH3CO ? CH3CH2), in agreement
with the experimental data [36].

3.2 The H-abstraction from trans-2-butene
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of Higher Education and Scientific Research of the Algerian Government (project CNEPRU E02020090005) is gratefully acknowledged. Thanks are also due to Information Technology Services at
Thompson Rivers University and the Dirección General de Cómputo
y de Tecnologı́as de Información y Comunicación (DGCTIC) at
Universidad Nacional Autónoma de México.

Two possible O(3P) H-abstraction pathways can be considered (see Scheme 1). When the O(3P) atom attacks the
H atom of the methyl group, the abstraction reaction proceeds via 3TS9, with a barrier of 10.2 kcal/mol above
reactants, leading to the formation of the product P7
(CH3CH = CHCH2 ? OH, which lies at 17.9 kcal/mol
below reactants). When the O(3P) atom attacks the H atom
attached to the C atom of the double bond, another
abstraction reaction occurs via 3TS10 surmounting a barrier
of 12.8 kcal/mol and forming the product P8
(CH3CH = CCH3 ? OH, which lies 3.0 kcal/mol above
reactants). P7 is the most thermodynamically stable
H-abstraction product. The H-abstraction from the CH3
group is more favourable, as experimentally verified [31].
It can be clearly observed that the addition channel is much
more favourable from a kinetic point of view than the
H-abstraction channels (3TS9 and 3TS10 are 4.9 and
7.4 kcal/mol higher in Gibbs free energy than 3TS1,
respectively). Consequently, the H-abstraction channels
should contribute only by a small fraction to the overall
reaction.

4 Conclusions
In the present work, the different possible mechanisms of
the complex multichannel reaction of O(3P) with trans-2butene are examined. The potential energy surface
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