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The reaction of C3 H8 +O(3 P)→C3 H7 +OH is investigated using ab initio calculation and
dynamical methods. Electronic structure calculations for all stationary points are obtained
using a dual-level strategy. The geometry optimization is performed using the unrestricted
second-order Møller-Plesset perturbation method and the single-point energy is computed using the coupled-cluster singles and doubles augmented by a perturbative treatment of triple
excitations method. Results indicate that the main reaction channel is C3 H8 +O(3 P)→iC3 H7 +OH. Based upon the ab initio data, thermal rate constants are calculated using the
variational transition state theory method with the temperature ranging from 298 K to
1000 K. These calculated rate constants are in better agreement with experiments than
those reported in previous theoretical studies, and the branching ratios of the reaction are
also calculated in the present work. Furthermore, the isotope effects of the title reaction are
calculated and discussed. The present work reveals the reaction mechanism of hydrogenabstraction from propane involving reaction channel competitions is helpful for the understanding of propane combustion.
Key words: Reaction mechanism, Thermal rate constant, Variational transition state
theory, Isotope effect

abstraction reaction of propane with the shock wave
[3]. In 1981, Jewell et al. measured the rate constants of the hydrogen-abstraction reaction of propane
both by the measurement of O-atom decay in the presence of excess propane and by measuring the change
in propane concentration after an appropriate time in
the presence of an excess of oxygen atoms [4]. In
1991, Cohen and Westberg measured the rate constant of C3 H8 +O(3 P)→C3 H7 +OH reaction at 298 K
and reported a value of 6.6×10−15 cm3 /(molecule·s)
[5]. In 1994 and 1996, Miyoshi et al. [6, 7] studied
the C3 H8 +O(3 P) reaction using the laser photolysisphotoionization mass spectrometer and laser photolysisshock tube, and measured the site-specific branching
fractions at 593, 944, and 1130 K, respectively.
On the other hand, very limited theoretical studies
on the C3 H8 +O(3 P) reaction has been reported, and a
detailed research on the mechanism of this hydrogenabstraction reaction is still lacking. In 2004, Troya et
al. obtained the reaction barrier height using density
functional theory method [9]. In 2007, Troya et al. obtained the thermal rate constants at 298 K using the
transition-state theory (TST) method for the title reaction based upon the second-order Møller-Plesset perturbation theory (MP2) with the aug-cc-pVDZ basis

I. INTRODUCTION

Recently, with the sharp increase of the number of
traditional fuel vehicle, the vehicle tail gas exhaust has
led to some severe issues to human health and global environment. Liquefied petroleum gas (LPG) fuel, mainly
consisting of propane and n-butane, is widely used as
green fuel in engine due to its little exhaust producing
[1]. In addition, LPG can be further separated and purified to produce pure propane, which can be used as
general engine fuel and potential fuel of turbine engine
[2]. Therefore, the study on the combustion reaction of
propane is of considerable current interest.
The combustion process of propane involves many
kinds of chemical reaction, in which the hydrogenabstraction reaction of propane with O(3 P) is the
most important. Experimentally, the previous studies on the hydrogen-abstraction reaction of propane
were mainly focused on the product branching ratio and rate constant [3−8]. In the early 1970s,
McLain et al. studied the rate constants of hydrogen-
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sets [10].Up to now, few studies on the isotope effects
of the title reaction has been reported.
In this work, the ab initio and dynamical methods
are used to study the hydrogen-abstraction reaction of
C3 H8 +O(3 P). The main reaction channel is determined
and the reaction rate constants are calculated, and the
obtained results are in good agreement with the available experimental data and superior to the previous
theoretical results. The kinetic isotope effects are also
studied and discussed.
II. COMPUTATIONAL DETAILS AND METHODS

The unrestricted second-order Møller-Plesset perturbation (UMP2) method is used to fully optimize the
equilibrium geometries of various stationary points of
the title reaction with the correlation-consistent tripleϵ basis set of Dunning augmented with diffuse functions
(aug-cc-pVTZ) basis set. The intrinsic reaction coordinate (IRC) [11, 12] calculations are carried out to confirm the transition states (TSs) connecting the right
minima [13−15]. To obtain more accurate energies, the
dual-level strategy is employed. The details of the duallevel strategy can be found elsewhere and only a brief
outline will be given here [16]. The idea of the dual-level
strategy is to use two levels of ab initio calculations so
as to reduce the number of high-level points needed.
The final single-point energies for all the points on the
IRC are evaluated at coupled-cluster singles and doubles augmented by a perturbative treatment of triple
excitations (CCSD(T)) with aug-cc-pVQZ level. All
ab initio calculations reported in the present work are
performed using the Gaussian 09 suite of ab initio programs [17].
The variational transition state theory calculations
are carried out using the POLYRATE2015 program
[18]. All coordinates are scaled to a reduced mass. The
reaction path is calculated with sufficiently small step
size by the Euler steepest-descent method from the TS
geometry and goes downhill to both the asymptotic reactant and product channels. Cartesian coordinates are
used to parameterize the reaction path. The rate constants reported here are those obtained from the microcanonical variational theory (µVT) calculations [19].
The µVT is based on the idea of minimizing the microcanonical rate constants along the minimum energy
path (MEP), which can minimize the error caused by
the “recrossing” trajectories [19]. Within the framework of µVT, the rate constant at a fixed temperature
T can be expressed as:
∫ ∞
[
]
min N GTS (E, s) e−E/kB T dE
k µVT (T ) = 0
(1)
hΦR
where ΦR is the total reactant partition function, which
is the product of electronic, rotational, and vibrational
partition functions. The relative translational partition
DOI:10.1063/1674-0068/29/cjcp1603042
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FIG. 1 Schematic of the oxygen attacking spots
(S1, S2, and S3) in hydrogen-abstraction reaction of
C3 H8 +O(3 P)→C3 H7 +OH. The red atoms are oxygen
atoms, the green atoms are hydrogen atoms, and others are
carbon atoms.

function is calculated classically and is included in ΦR .
However, the rotational and vibrational partition functions of the reactant are calculated quantum mechanically within the rigid rotor and harmonic oscillator approximations, respectively. N GTS (E, s) is the sum of
states of electronic, rotational, and vibrational motions
at energy E of the generalized transition state located
at the reaction coordinate s.
In addition, the quantum-tunneling effects are accounted for by the multidimensional small-curvaturetunneling (SCT) transmission coefficient [20]. The rate
constants reported here are those obtained from the
µVT with the SCT transmission coefficient calculations.
III. RESULTS AND DISCUSSION
A. Investigation for main reaction channel in the
hydrogen-abstraction of O(3 P)+C3 H8

Figure 1 shows the effective sites (denoted with S1,
S2, and S3, respectively) of the O(3 P) atom attacking in the title reaction. As shown in the Fig.1, S1
corresponds to the H atoms located in the plane of
the carbon atoms. Both the TS and n-propyl radical produced by hydrogen abstraction at this site possess Cs symmetry. The second site S2 corresponds to
the H atom out-of-plane atoms, and the TS and npropyl radical are not symmetric. The TS and isopropyl
radical corresponding to the site S3 are Cs -symmetric.
Eventually, there are two final products formed at
these three sites in the hydrogen-abstraction reaction
of propane with O(3 P), namely n-propyl and i-propyl:
CH3 CH2 CH3 +O(3 P)→n-C3 H7 +OH or i-C3 H7 +OH.
Having depicted these three attacked sites, we are
endeavoring to explore the main reaction channel. The
first step is to locate the stationary points [21, 22]. As
shown in Fig.2, for each channel, five stationary points
(the reactants, TSs, products, and two van der Waals
(vdW) wells) [23] are optimized at the UMP2/augcc-pVTZ level [24, 25] to characterize the core reactivity parameters of the title reaction. The path 1,
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path 2, and path 3 correspond to the different channels of hydrogen-abstraction locations S1, S2, and S3
respectively. It should be noted that the product energies of the n1-C3 H7 and n2-C3 H7 channel have small
difference due to variation of the dihedral angle. In
the hydrogen-abstraction reaction process, the barrier
for the channel of C3 H8 +O(3 P)→i-C3 H7 +OH is much
lower than that for the channels of C3 H8 +O(3 P)→n1C3 H7 +OH and C3 H8 +O(3 P)→n2-C3 H7 +OH, indicating that C3 H8 +O(3 P)→i-C3 H7 +OH is the main reaction channel. Additionally, since the difference between
the total spin value before annihilation and the theoretical value is within 2%, the spin contamination can be
ignored.
Moreover, for each channel of the title reaction, there
is a vdW well in the entrance valley, which is caused
by the dispersion force between non-polar O(3 P) atom
and polar propane molecule; there is also a relative
deep vdW well in the exit valley, which is caused by
the strong force between permanent dipoles, C3 H7 and
OH radical. These vdW complexes may play an important role in the detailed reaction dynamics [26]. For
each channel, the energy difference value of vdW wells
in the entrance and exit valleys is very obvious. Especially for the main channel, the energy of vdW well in
the entrance and exit valleys are 0.6 kcal/mol (relative
to the energy of reactant) and 4.6 kcal/mol (relative to
the energy of product) respectively. In addition, bases
set superposition errors (BSSEs) are taken into account
for vdW wells, the corrected vdW well depths in the
entrance valleys are 0.4 kcal/mol (path 1), 0.6 kcal/mol
(path 2), and 0.5 kcal/mol (path 3), respectively. As
for the vdW wells in the exit valleys, the corrected well
depths are 3.5 kcal/mol (path 1), 3.6 kcal/mol (path 2),
and 4.3 kcal/mol (path 3), respectively. The magnitudes of BSSEs for the vdW wells in the entrance and
exit valleys are very small.
The optimized geometries of various reactants, products, TSs and vdW wells in three reaction channels
are obtained at UMP2/aug-cc-pVTZ level, as shown
in Table I. The reaction energies and imaginary frequencies for three TSs (denoted TS1, TS2, and TS3,
respectively) are also compared. The imaginary frequencies (TS1: 2071i, TS2: 2053i, TS3: 1897i cm−1 )
are consistent with the result obtained by Troya (2048i,
2025i, 1891i cm−1 ). And the imaginary frequency for
TS3 (1897i cm−1 ) is more than 100 cm−1 smaller than
both of other two, which indicates that i-propyl+OH
path is much less sharply peaked in the TS region
than n-propyl+OH path. Regarding the barrier energy, the barrier energy for hydrogen abstraction at S3
site (11.6 kcal/mol) is more than 2.0 kcal/mol lower
than S1 (14.1 kcal/mol) and S2 (13.6 kcal/mol) sites,
which is in agreement with the trend observed in experiment through determining the activation energy values [27]. This result also highlights the Troya’s result:
the reaction barriers in the hydrogen-abstraction reactions of C3 H8 +O(3 P) are in the primary>secondary
DOI:10.1063/1674-0068/29/cjcp1603042
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FIG. 2 Detailed schematic of the three reaction channels of
the hydrogen-abstraction reaction of propane with O(3 P).
The relative energies are computed by taking the energy
of reactants as zero. The stationary points of reactant (R),
van der Waals wells of the reactant side well (WellR ) and the
product side well (WellP ), transition state (TS) and product
(P) are described in detail.

order. In addition, the zero-point corrected values of
reaction barriers for the abstraction at S1, S2, and
S3 sites calculated by CCSD(T)/aug-cc-pVQZ level are
10.3, 10.0, and 7.9 kcal/mol respectively, and the basis
set level is higher than Troya’s (aug-cc-pVTZ). Moreover, for the products of C3 H8 +O(3 P)→C3 H7 +OH reaction, the forming bond (O−H) length is 0.960 Å in
path 3, 0.975 Å in path 1 and path 2, and these three
different breaking bonds (C−H) length becomes longer
from reactants (1.104 Å in path 3, 1.101 Å in path 1,
1.103 Å in path 2) in the reaction. While the other
C−H bonds length and C−C bonds length are almost
unchanged in the entire reaction paths. For the TS
geometries, the forming bond (O−H) and the breaking bond (C−H) are respectively 2.5% longer and 1.3%
shorter in path 3 than that in path 1 and path 2. Therefore, electronic structure calculations indicate that the
TS for hydrogen-abstraction at S3 site is more reactantlike than that at S1 and S2 sites.
B. The reaction mechanism of C3 H8 +O(3 P)

For further investigating the reaction mechanism, it
is desirable to find a connecting pathway among these
stationary points (reactants, TSs, products, and vdW
wells) on the potential energy surface. This pathway
is defined as the steepest descent path from the TS to
the minima and is found in mass-weighted cartesian coordinates [11, 28, 29]. The MEPs are affirmed by IRC
calculation in Fig.3. For the following kinetic calculations, the energies, gradients, and hessian matrix of the
points on IRC (101, 110, 87 points for path 1, path 2,
path 3, respectively) are necessary. The IRC is smooth
and reasonable, which confirms the reliability of the calculations. As shown in Fig.3, the energy of products is
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TABLE I Calculated characteristic geometrical parameters and energies of various stationary point in C3 H8 +O(3 P)→
C3 H7 +OH reaction
Path
Path 1

Reactant
E a /(kcal/mol)
ωi c /cm−1
Bond length/Å

2.989
1.101
1.103
1.103
1.533
1.533
129.3
111.5
112.1
179.9
−180.0
−59.7
59.7
−0.6

0.982
2.213
1.093
1.093
1.547
1.501
174.7
97.2
111.8
179.9
179.9
−80.2
80.0
−3.8b

3.085
1.102
1.103
1.102
1.533
1.533
123.1
110.6
112.0
79.9
179.8
−59.9
59.6
−0.6

0.975
2.194
1.094
1.093
1.535
1.500
173.2
95.8
112.9
67.4
164.9
−33.2
66.4
−4.6b

O−8H
3.038
2C−8H
1.104
1.103
2C−7H
1.104
1.104
2C−1C
1.533
1.533
2C−3C
1.533
1.533
Angle/(◦ )
2C−8H−O
116.2
7H−2C−8H
106.5
106.7
1C−2C−3C
112.1
112.0
Dihedral angle/(◦ )
O−2C−1C−6C
−80.3
7H−2C−1C−6C
121.8
121.8
8H−2C−1C−6C
−121.8
−121.5
Energies are computed by taking the energy of reactants as zero.
Energies are relative to the energy of products.
ωi is the imaginary frequency.

0.983
2.136
1.094
1.500
1.500
170.9
99.8
119.4
−96.9
156.5
−99.4

Angle/(◦ )

Dihedral angle/(◦ )

Path 2

E a /(kcal/mol)
ωi c /cm−1
Bond length/Å

Angle/(◦ )

Dihedral angle/(◦ )

Path 3

a
b
c

0
O−9H
6C−9H
6C−11H
3C−10H
2C−1C
2C−6C
1C−9H−O
2C−6C−9H
1C−2C−6C
O-6C−2C−1C
9H−6C−2C−1C
10H−6C−2C−1C
11H−6C−2C−1C

vdW well
WellR
Wellp
−0.4
−3.6b

O−11H
6C−11H
6C−10H
6C−9H
2C−1C
2C−3C
1C−11H−O
2C−6C−11H
1C−2C−6C
O−6C−2C−1C
9H−6C−2C−1C
10H−6C−2C−1C
11H−6C−2C−1C

E a /(kcal/mol)
ωi c /cm−1
Bond length/Å

DOI:10.1063/1674-0068/29/cjcp1603042

1.101
1.103
1.103
1.533
1.533
111.7
112.1
179.9
−59.9
59.9
0

1.103
1.103
1.101
1.533
1.533
110.8
112.1
−179.9
−59.7
59.7
0

TS
This work
Ref.[10]
14.1
2071
2048
1.254
1.253
1.246
1.246
1.099
1.099
1.538
1.518
177.8
177.8
108.2
111.2
−179.9
−179.9
−65.6
65.3
13.6
2053
2025
1.259
1.259
1.245
1.245
1.099
1.099
1.533
1.519
176.9
176.9
107.2
112.3
62.6
175.8
−51.9
61.8
11.6
1897
1891
1.287
1.288
1.229
1.228
1.107
1.520
1.520
177.4
174.2
101.8
115.5
−116.3
131.8
−117.5

Product
4.9
0.975
1.092
1.091
1.546
1.499
120.7
112.4

84.2
−84.3
4.6
0.975
1.092
1.091
1.546
1.499
120.5
112.8
−162.3
28.1
2.5
0.960
1.122
1.507
1.507

111.8
110.1
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FIG. 4
Arrhenius plot for the reaction of
C3 H8 +O(3 P)→C3 H7 +OH. TST: present study TST
calculation, µVT: present study using µVT calculation,
µVT/SCT: present study using µVT with SCT calculation,
TST (other) from Ref.[10], Expt.1: experimental data from
Ref.[5], Expt.2: experimental data from Ref.[6].

FIG. 3 C3 H8 +O(3 P) reaction paths obtained at the
UMP2/aug-cc-pVTZ level for S1, S2 and S3. The energies are relative to the energy of reactants. (a) Path 1,
(b) path 2, (c) path 3.

higher than the energy of reactants, hence the reaction
turns out to be endothermic as a whole. These channels
can be divided into three regions: the association region
is from reactants to vdW potential well, the abstraction
region is from vdW potential well to the potential well
of product side through TS, the dissociation region is
from the potential well of product side to products. The
mechanism of the hydrogen-abstraction reaction on the
IRC can be explained as follows. For each channel, initially the O(3 P) atom attacks one of the H atoms in
C3 H8 molecule, leading to a collision complex, which is
a very fast step with the energy releasing. And then the
bond between attacked H and O(3 P) atom forms. At
last, the bond between attacked H and C atom breaks,
leading to the formation of products (C3 H7 +OH) via
the TS.

C. The thermal reaction rate constants of C3 H8 +O(3 P)
→C3 H7 +OH

The reaction channel C3 H8 +O(3 P)→i-C3 H7 +OH
has a single saddle point (typical for the TST), and consequently, the TST and µVT methods were applied in
this case. These calculations are based upon dual-level
strategy extensive electronic structure determinations.
According to the geometries, harmonic frequencies, and
energy of reactants, products and TSs, the thermal rate
constants of the main reaction channel have been calDOI:10.1063/1674-0068/29/cjcp1603042

culated at different temperature ranging from 298 K
to 1000 K, which are plotted in Fig.4 as a typical
Arrhenius behaviour. The calculated rate constants
for C3 H8 +O(3 P)→C3 H7 +OH reaction are 3.43×10−15 ,
1.46×10−11 , 1.54×10−11 , 1.63×10−11 cm3 /(molecule·s)
at 298, 939, 946, and 957 K by using µVT/SCT
method. The value of the rate constant at 298 K
is in better agreement with the experimental result
(6.6×10−15 cm3 /(molecule·s) [5] than that from Troya’s
calculation (9.60×10−16 cm3 /(molecule·s) [10]. Besides, these calculated rate constant values at 939,
946, and 957 K are also in good agreement with
the experimental results (8.44×10−12 , 5.80×10−12 ,
7.63×10−12 cm3 /(molecule·s) obtained by Miyoshi et
al. [6], respectively. In addition, the branching ratios
(kn /ki ) are calculated at 593, 944, and 1130 K, respectively. And the obtained values (0.35, 0.72, 0.88) are
in good agreement with the experimental values (0.41,
0.80, 0.92) [7]. The remaining discrepancy between the
experimental and present theoretical values may be because there is some uncertain factors in the experiments
[20, 29, 30]. We also find that at low temperatures, the
effect of tunneling on rate constants is obvious, and the
correction of tunneling effect is necessary [16]. For instance, tunnelling accounts for about 91% of reaction
rate constant at 298 K, and proportion decreases to 18%
at 1000 K. The comparison with previous theoretical
calculation as well as the experimental measurements
is also shown in Fig.4. It is encouraging to see that our
results are in good agreement with the experimental
values within limits of error. And the µVT/SCT calculation results are closer to the experimental results than
µVT calculation results, which indicates that the tunneling effect plays an important role in rate constants.
The result estimated by SCT method is improved significantly.
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D. The kinetic isotope effects for C3 H8 +O(3 P)
→i-C3 H7 +OH

Following the calculation for the reaction rate constants of C3 H8 +O(3 P)→i-C3 H7 +OH, we perform a
study for isotopic substitution effect. It is well known
that the change of isotope will affect rate constants,
which can also provide vital clues for reaction pathways.
Generally, isotopic substitution occurs in an atom that
participates in the reaction, which will produce the primary isotope effect; if the isotopic substitution is made
with an atom that does not take part in the reaction directly, a secondary isotope effect will be produced [31].
In our study, these two isotope effects are both
considered in the hydrogen-abstraction reaction of
C3 H8 +O(3 P)→i-C3 H7 +OH. As shown in Fig.5, all the
rate constants are calculated using TST and µVT methods. And the quantum-tunneling effects are also estimated by SCT method. For the first case (Fig.5(a)),
the H atom that participates in the reaction directly
is replaced by D atom, C3 H7 D+O(3 P)→i-C3 H7 +OD
(R1), and there is only the primary isotope effect. Compared with the rate constants of C3 H8 +O(3 P) reaction,
the obtained rate constants with primary isotope effect are lower. For the second case (Fig.5(b)), where
all H atoms in propane molecule are substituted by D
atoms, C3 D8 +O(3 P)→i-C3 D7 +OD (R2), the primary
and secondary isotope effects coexist in the hydrogenabstraction reaction. From the Fig.5(b), we notice that
the reaction rate constants with the secondary isotope
effect are lower than that with only the primary isotope
effect.
Comparing the above reaction rate constants, we notice that rate constants with isotope effects are all lower
than C3 H8 +O(3 P)→i-C3 H7 +OH reaction. This may
result from that the C−D bond has a lower zero-point
energy than the C−H bond and a higher activation energy for bond breaking is therefore required. We also
find that the primary isotope effect is the main impact
of the rate constants. This is because that the atom
substituted by isotopic atom does not directly participate in the reaction, and extra activation energy for
bond breaking is not needed.

IV. CONCLUSION

We have used the ab initio and dynamical methods to compute the rate constants, and investigated
the path energy and reaction barriers of the hydrogenabstraction reactions between O(3 P) atom and propane
molecule. Among, the reaction barriers for title abstraction reaction are calculated by using a dual-level
strategy. We find out three channels and determine the
lowest barrier channel (C3 H8 +O(3 P)→i-C3 H7 +OH) in
this reaction. This theoretical research on the typical
reaction reveals the characteristics of the propane combustion reaction, which provides a theoretical support
DOI:10.1063/1674-0068/29/cjcp1603042

FIG. 5 Arrhenius plot for the isotope effects on the
rate constants.
R1:
H atom, which is directly
participate in the reaction, substituted by D atom,
C3 H7 D+O(3 P)→i-C3 H7 +OD. R2: all H atoms in propane
molecule substituted by D atoms, and secondary isotope effect exists, C3 D8 +O(3 P)→i-C3 D7 +OD. (a) Comparing the results of TST, µVT, µVT/SCT, and TST(R1),
µVT(R1), µVT/SCT(R1).
(b) Comparing the results
of TST(R1), µVT(R1), µVT/SCT(R1), and TST(R2),
µVT(R2), µVT/SCT(R2). TST: present study TST calculation. µVT: present study µVT calculation. µVT/SCT:
present study µVT with SCT calculation.

for the accurate measurements of the combustion intermediates and final products. The vdW wells found
in this work are expected to play an important role
in more detailed dynamical studies. Besides, the reaction rate constants of C3 H8 +O(3 P)→C3 H7 +OH reaction are calculated using µVT method with high accuracy, and the quantum-tunneling effects are accounted
for by the multidimensional small-curvature-tunneling
transmission coefficient. The temperature range for the
computed rate constants is from 298 K to 1000 K, and
the obtained rate constants at 298, 939, 946, and 957 K
are in very good agreement with the experimental results. Additionally, the calculated branching ratios of
the title reaction at 593, 944, and 1130 K are also in
good agreement with the experimental results. What’s
more, the isotope effects of C3 H8 +O(3 P) are calculated and discussed. Importantly, these calculations
have revealed the hydrogen-abstraction mechanisms of
propane, which would be helpful for a deeper underc
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standing of the combustion of hydrocarbon.
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