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Abstract The kinetics of the hydrogen abstraction reac-
tions of hydrogen atom with n-propyl radical and iso-
propyl radical were studied using the direct ab initio
dynamics approach. BHandHLYP/cc-pVDZ method
was employed to optimize the geometries of stationary
points as well as the points on the minimum energy path
(MEP). The energies of all the points for the two reac-
tions were further refined at the QCISD(T)/cc-pVTZ
level of theory. No barrier was found at the QCISD(T)/
cc-pVTZ//BHandHLYP/cc-pVDZ level of theory for
both reactions. The forward and reverse rate constants
were evaluated with both canonical variational transi-
tion state theory (CVT) and microcanonical variational
transition state theory (l VT) in the temperature range
of 300–2,500 K. The fitted three-parameter Arrhenius
expression of the calculated CVT rate constants at the
QCISD(T)/cc-pVTZ//BHandHLYP/cc-pVDZ level of

theory are kCVT (n – C3H7)=1.68·10�14 T0.84 e(319.5/T)

cm3 molecule�1 s�1 and kCVT (iso-C3H7)=4.99· 10�14

T0.90 e(159.5/T) cm3 molecule�1 s�1 for reactions of
n-C3H7 + H and iso-C3H7 + H, respectively, which are
in good agreement with available literature data. The
variational effects were analysed.

Keywords Propyl radical Æ Ab initio Æ Rate constant Æ
Variational transition state theory

Introduction

The elementary reactions of alkyl radicals with
hydrogen atom in the gas phase are of considerable
importance in the course of combustion of hydrocar-
bons. Particularly, under pyrolytic conditions (in the
absence of oxidants), hydrogen atoms can be the pri-
mary chain carriers in thermal decomposition of
hydrocarbons. Due to the difficulties in experimental
techniques, there are few of such elementary reactions
where the experimental kinetic data are available. The
major difficulty in experimental study is that the
reactions between radicals occur much faster than
those between neutral molecules. In such a case, the-
ory can play an important role in providing necessary
kinetics information.

The n-propyl radical and isopropyl radical are two
important intermediate species in the atmosphere and
in the course of combustion of hydrocarbons. The
kinetics data of these reactions are essential for
modeling the chemical process involved. The recently
reported reaction class approach showed promising
feature for predicting rate constants for bulk of reac-
tions with the same reaction moiety. However, the
applicability of the methods still needs validation to
help further promote them. The reactions of propyl
radical with hydrogen atom consist of two types of
reactions: one is the combination reaction of propyl
radical with hydrogen atom yielding propane; another
is the hydrogen abstraction reaction of propyl radical
with hydrogen atom yielding propylene and hydrogen
molecule. The latter is the objective of this present
study, which is of interest to us. The reactions of the
present study are good prototype for the hydrogen
abstraction reaction class of hydrogen atom with alkyl
radicals, although the rate constant of the latter is
slightly slower than that of the former. In spite of the
importance in combustion and atmospheric chemistry,
no direct measurement of the rate constants of the
direct hydrogen abstraction reactions of hydrogen
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atom with n-propyl radical and isopropyl radical have
been reported to the best of our present knowledge. In
an extensive literature review, Tsang reported the rate
constants of k=3·10�12 cm3 molecule�1 s�1 and
k=6·10�12 cm3 molecule�1 s�1 using the bond energy
and bond order (BEBO) method with an uncertainty
factor of 2 over the temperature range of 300–2,500 K
for n-C3H7 + H fi C3H6 + H2 and iso-C3H7 + H
fi C3H6 + H2, respectively. However, these results
were obtained based upon the relative rate constants
to other reactions within a limited temperature range.
Thus, high-level ab initio calculations and rate con-
stant calculations are still required for accurate rate
constants over a wide temperature range.

In the present study, our primary objective is to cal-
culate kinetics data of the reactions that yield stable
propylene, which in turn will be employed to predict rate
constants for similar reactions from the reaction class
transition state theory (RC-TST) proposed by T.N.
Truong. In view of the above case, we first constructed
the minimum energy paths (MEPs) for the direct
hydrogen abstraction reactions of n-C3H7 + H fi
C3H6 + H2 and iso-C3H7 + H fi C3H6 + H2. Then
the direct ab initio dynamics method was adopted to
investigate the dynamic properties of the two direct
hydrogen abstraction reactions based on MEP infor-
mation over a wide temperature range of 300–2,500 K.
The gas phase thermal forward and reverse rate con-
stants of the title reactions were calculated using the
canonical variational transition state theory (CVT) and
the microcanonical variational transition state theory
(l VT).

Methodology

Electronic structure calculations

The reactions of n-propyl radical and isopropyl radical
with H atom are typical radical–radical reaction. It has
been shown that DFT calculations or hybrid DFT cal-
culations that mix in some Hartree–Fock exchange yield
reasonable geometries, vibrational frequencies, and en-
thalpies of formation. While the configuration interac-
tion (CI) method with the inclusion of triple excitations
(QCISD(T) can provide quite reasonable energetics.
Thus, the geometric parameters of all stationary points
for the title reactions were computed using BHandH-
LYP approaches with the Dunning’s correlation
consistent basis set including double-zeta, namely,
cc-pVDZ. Here BHandHLYP denotes a combination of
the hybrid Becke’s half-and-half (BHandH) method for
nonlocal exchange and the Lee–Yang–Parr (LYP) non-
local correlation functional. Another computational
advantage of hybrid DFT method would allow the
application of the direct dynamics method to the reac-
tions involving large polyatomic molecules. The
BHandHLYP/cc-pVDZ level of theory has been suc-
cessfully applied to optimize the geometrical parameters

and to calculate the harmonic vibrational frequencies of
many species, particularly, only consisting of hydrogen
and carbon elements. The MEPs were calculated using
the intrinsic reaction coordinate (IRC) theory in mass-
weighted Cartesian coordinates with a gradient step size
of 0.01 (amu)1/2 bohr using BHandHLYP/cc-pVDZ
level of theory. In particular, since no barrier was found
at the UBHandHLYP/cc-pVDZ level of theory, we
briefly discuss the method employed for calculating the
MEP. Based on the physical nature of the title reaction
that the distance between the forming H–H bond can be
taken as distinguished reaction coordinate, we first fixed
the forming H–H bond at large distance and optimize all
other degrees of freedom of the reacting system. At this
point, since all the forces were relaxed except for the
fixed H–H bond due to the partial optimization,
the combined force can be approximated as the force of
the fixed bond. Thus, the direction of the combined force
points to the direction of forming the products. We then
start at this point to calculate the downhill IRC using
the algorithm proprosed by Gonzalez and Schlegel. This
is similar to the situation that one restarts an IRC cal-
culation at an intermediate point of IRC. The IRC
calculated using this method might not be, but possibly a
good approximation to, the IRC path. Similar approx-
imations were also adopted for radical–radical reactions
without reaction barriers. Using this approximation, a
maximum on the free energy curve at a given tempera-
ture generally serves as a pseudo-transition state that
dominates the rate constants. At the points along the
minimum energy paths, the force constants and Hessians
were obtained to calculate the curvature of the reaction
path and to calculate the generalized harmonic vibra-
tional frequencies at the same level of theory. It is well-
known that the accuracy of barrier height is very crucial
for rate constant calculations. However, it has been
observed that the DFT energies are not always suffi-
ciently accurate for rate calculations. To obtain more
accurate information on energy, QCISD(T)/cc-pVTZ
method was employed to refine the energies of the points
along the MEP optimized at the BHandHLYP/cc-pVDZ
level of theory. The energy is denoted by QCISD(T)/cc-
pVTZ//BHandHLYP/cc-pVDZ, where the double slash
(X//Y) denotes geometry optimization at the level of
theory Y and energy calculated at the level of theory X.
Here QCISD(T)/cc-pVTZ is referred to as the Quadratic
CI calculation including single and double substitutions
with a triples contribution to the energy added using
Dunning’s correlation consistent polarized valence tri-
ple-zeta basis set. For convenience, we denote the
method as QCISD(T)//BHandHLYP. All the above
calculations were performed using the Gaussian 98
program suite.

Rate constant calculations

Variational transition state theory is based on the idea
that by varying the dividing surface along a reference
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path to minimize the rate constant, one can minimize the
error due to ‘‘recrossing’’ trajectories. In the present
study, the reference path is the MEP, which is defined as
the steepest descent path from the saddle point to both
the reactant and product directions in the mass-weighted
Cartesian coordinate system.

For a canonical ensemble at a given temperature T,
the CVT rate constant for a bimolecular reaction is
given by

kCVT ¼ min
s

kGTðT ; sÞ

where

kGTðT ; sÞ ¼ r
bh

QGTðT ; sÞ
URðT Þ

e�bVMEPðsÞ

where kGT (T,s) is the generalized transition state theory
rate constant at the dividing surface which intersects the
MEP at s and is orthogonal to the MEP at the inter-
section point s. r is the symmetry factor accounting for
the possibility of more than one symmetry-related
reaction path. In the case of the title reactions, we took
the symmetry factor of 2 and 6 in the calculations of rate
constants for the n-C3H7 + H and iso-C3H7 + H,
respectively. b is (kB T)�1, where kB is the Boltzmann’s
constant; h is the Planck’s constant. FR(T) is the reac-
tant partition function (per unit volume for bimolecular
reactions). VMEP(s) is the classical potential energy (also
called the Born–Oppenheimer potential) along the MEP
with its zero of energy at the reactants, and QGT(T, s) is
the internal partition function of the generalized tran-
sition state at s with the local zero of energy at VMEP(s).
Both FR(T) and QGT(T,s) partition functions are
approximated as products of electronic, vibrational, and
rotational partition functions. For the electronic parti-
tion function, the generalized transition state electronic
excitation energies and degeneracies are assumed to be
the same as at the transition state.

The l VT is based on the idea that by minimizing the
microcanonical rate constants k(E) along the MEP, one
can minimize the error caused by the ‘‘recrossing’’ tra-
jectories. Within the framework of l VT, the rate con-
stant at a fixed temperature T can be expressed as

klVTðT Þ ¼
R1
0 min NGTSðE; sÞ

� �
e�E=kBTdE

hQR

where QR is the total reactant partition function, which
is the product of electronic, rotational, and vibrational
partition functions. The relative translational partition
function was calculated classically and included in QR.
However, the rotational and vibrational partition func-
tions of the reactant were calculated quantum mechan-
ically within the rigid rotor and harmonic oscillator
approximations, respectively. Namely, the partition
functions were calculated by directly sum over the
quantum mechanical energy levels of rotational and
vibrational motions. NGTS (E,s) is the sum of states of

electronic, rotational, and vibrational motions at energy
E of the generalized transition state located at s, where s
is the reaction coordinate. NGTS (E, s) along the MEP
was also calculated quantum mechanically using the ri-
gid rotor and harmonic oscillator approximations.
Furthermore, since no barrier was found on the MEP of
the QCISD(T)//BHandHLYP level of theory, the tun-
neling effect for the title reactions was not considered in
the present study.

The forward and reverse rate constants of the title
reactions were calculated using two kinds of theory,
namely, the CVT and the l VT. The CVT and l VT rate
constants were calculated employing the online kinetics
program VKLab.

Results and discussion

Stationary points

Pictorial diagram of optimized geometries of the sta-
tionary points are shown in Fig. 1 The properties of all
the stationary points were previously computed at dif-
ferent levels of theory by many researchers. Table 1 lists
the optimized geometric parameters of the reactants and
products of the two reactions at the BHandHLYP level
of theory with cc-pVDZ basis set along with the avail-
able experimental and theoretical data. For the stable
points, it can be seen that both bond lengths and bond
angles of propylene molecule predicted at the
BHandHLYP level of theory are in good agreement with
the experimental data, and geometric parameters of n-
C3H7 and iso-C3H7 calculated using QCISD method are
consistent with the theoretical data. Thus, it can be in-
ferred that the BHandHLYP level of theory are suitable
for predicting the geometries of stable species for the
reaction. Due to the nature of radical–radical reaction,
as is expected, no transition state was found at the
BHandHLYP level of theory for the two reactions.

Table 2 lists the harmonic vibrational frequencies
and zero-point energies of reactant and products using
BHandHLYP method with the basis set cc-pVDZ along
with the available experimental data. From Table 2 one
can find that the values of the calculated frequencies at
the BHandHLYP level of theory are consistently large
compared to the corresponding experimental values.
However, the discrepancy between theoretical results
and experimental data are generally within 7%. For
example, the theoretically calculated harmonic vibra-
tional frequencies (3,147, 3,116, and 3,108 cm�1) for
n-C3H7 are all CH stretch, which are assigned to the
available experimental values (3,100, 3,018, and
2,812 cm�1), respectively. The predicted harmonic
vibrational frequencies (3,130, 3,128, 3,047, and
3,043 cm�1) for iso-C3H7 are CH stretch, which corre-
spond to the available experimental values (3,052, 2,920,
2,850, and 2,830 cm�1), respectively. The predicted CH3

rock (1,186 cm�1) is assigned to the experimental value
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(1,165 cm�1). The predicted CCC bend for n-C3H7, iso-
C3H7 and C3H6 are 340, 367, and 435 cm�1, respec-
tively.

The two reactions energetics information including
the reaction energies (E) and the reaction enthalpies
DH�298 K at the BHandHLYP/cc-pVDZ and
QCISD(T)//BHandHLYP levels of theory are listed in
Table 3 along with the available experimental data. As
can be seen from Table 3, the predicted reaction en-
thalpies (�63.76 and �59.72 kcal mol�1)(298 K) for
the two reactions at the BHandHLYP/cc-pVDZ level of
theory are much larger than the corresponding experi-
mental values of �72.12±0.5 and �69.22±0.5 kcal
mol�1, respectively. As is expected, the refined reaction

Table 1 The optimized geometries of reactants (n-C3H7, iso-C3H7)
and products at the BHandHLYP/cc-pVDZ level of theory

Species BHandHLYP Reference

n-C3H7 (C1) R(1,2) 1.488 1.504a

R(2,3) 1.533 1.537a

R(1,4;5) 1.085 1.081a

R(2,6;7) 1.096 1.092a

R(3,8;9;10) 1.094 1.096a

A(2,1,4;5) 120.9 120.2a

A(1,2,3) 113.4 113.0a

A(6,2,7) 106.5 107.7a

A(8,3,9) 107.6 108.8a

iso-C3H7 (Cs) R(1,2) 1.486 1.498a

R(1,4;) 1.093 1.095a

R(1,5) 1.103 1.104a

R(1,6) 1.097 1.099a

A(2,1,4) 111.9 111.8a

A(2,1,5) 111.8 111.7a

A(2,1,6) 111.4 111.2a

A(4,1,5) 106.9 107.2a

A(4,1,6) 108.1 108.1a

A(5,1,6) 106.3 106.5a

A(1,2,3) 120.9 120.3a

A(1,2,7) 118.4 118.6a

C3H6(C2v) R(1,2) 1.493 1.533b

R(2,3) 1.325 1.337b

R(1,4;6) 1.096 1.101b

R(1,5) 1.093
R(2,7) 1.089
R(3,9) 1.087 1.07b

A(1,2,3) 125.2
A(1,2,7) 116.1
A(8,3,9) 117.0

H2(Dh) R(H-H) 0.754 0.741c

aReference;
bReference;
cReference

Table 2 The harmonic vibrational frequencies (cm�1) and zero
point energies (kcal mol�1) of reactant and products at the
BHandHLYP/cc-pVDZ level of theory

Species Frequencies ZPE

n-C3H7 (C1) 3332, 3223, 3198, 3192, 3147, 3116,
3108, 1535, 1520, 1513, 1495, 1437,
1374, 1348, 1230, 1133, 1075, 934,
914, 768, 531, 340, 264, 79

56.91

Expta 3100, 3018, 2812, 530
iso-C3H7 (C1) 3255, 3190, 3190, 3130, 3128, 3047,

3043,1515,1506, 1505, 1495, 1455, 1445,
1396, 1212, 1186, 1059, 961, 961,
918, 424, 367, 137, 110

56.67

Exptb 3052, 2920, 2850, 2830, 1468, 1440, 1388,
1378, 1165, 879, 364

C3H6 (C2v) 3322, 3237,3225, 3201, 3168, 3110, 1797,
1519,1504, 1483, 1441, 1361, 1227, 1106,
1064, 985, 970, 964, 612, 435, 218

51.39

Exptc 3101, 2954, 1841, 1477, 1446, 990,
914, 573,

H2(Dh) 4481 6.41
Exptd 4355

aReference;
bReferences;
cReference;
dReference
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enthalpies (�72.10 and �70.26 kcal mol�1) at the
QCISD(T)/cc-pVTZ levels of theory are close to the
corresponding experimental values for the two reactions.
This implies that the reaction enthalpies can be effec-
tively improved by the QCISD(T) method based on the
BHandHLYP optimized geometries. For the two reac-
tions, no barrier was found at the BHandHLYP/cc-
pVDZ level of theory. When we refine the energies using
the QCISD(T)/cc-pVTZ method, no barrier exists on the
MEPs of the QCISD(T)//BHandHLYP level of theory
either.

Reaction path properties

In this study, the minimum-energy paths of the two
reactions were obtained using the intrinsic reaction
coordinate (IRC) theory at the BHandHLYP/cc-pVDZ
level of theory and the MEPs were further refined at the
QCISD(T)/cc-pVTZ level of theory. Figure 2 presents
the classical potential energy curves (VMEP) of the two
reactions as a function of bond distance of the reactive
moiety H–H at the QCISD(T)//BHandHLYP level of
theory. To achieve an explicit comparison for the two
reactions, a function of bond distance of the reactive
moiety H–H of the corresponding VMEP is adopted in-
stead of the reaction coordinate due to no transition
state. Thus, the downhill algorithm was adopted to
calculate the IRC at the UBHandHLYP/cc-pVDZ level
of theory in contrast to the normal IRC calculation at
the UQCISD/cc-pVDZ level of theory. As can be seen,
the two VMEP and Va

G curves are strictly downhill in
shape and very close to each other at above level of
theory, namely, the transition states for the two reac-
tions do not exist at the QCISD(T)//BHandHLYP level
of theory, indicating that the tunneling effect is very
small. Therefore, the tunneling effect was not taken into
account for the two title reactions. This also implies that
the positions of variational transition states for the two
reactions will be close to each other at the corresponding
temperature.

For barrierless reactions, the rate constant can be
calculated by means of maximum of activation free en-
ergy DG(T,s) along the MEP on basis of canonical var-
iational transition state theory. The free energy DG(T,s)
vs temperature (T) and bond distance of the reactive
moiety H–H at the QCISD(T)//BHandHLYP level of

theory are plotted in Fig. 3 for the title reactions. It can
be seen from Fig. 3 that the activation free energy for
the reaction n-C3H7 + H (C3H6 + H2 are
22.23(s=0.98), �30.38(s=1.10), �50.37(s=1.18), and
�69.98(s=1.18) at temperatures 300, 600, 900, and
1,500 K, respectively; while the activation free energy
for the reaction iso-C3H7 + H (C3H6 + H2 are
21.87(s=0.99), �30.86(s=0.99), �50.85(s=1.07), and
�70.48(s=1.07) at temperatures 300, 600, 900, and
1,500 K, respectively. It is obvious that the activation
free energy varies with temperature and reaction coor-
dinates and dominates the rate constant at different
temperatures according to canonical variational transi-
tion state theory.

Rate constant calculations

The forward and reverse rate constants of the title
reactions are calculated using the CVT and the l VT
employing the QCISD(T)//BHandHLYP potential
energy information within the temperature range of
300–2,500 K. The calculated forward and reverse rate
constants are shown in Figs. 4 and 5, respectively,
together with available theoretical results. It can be seen

Table 3 The reaction energetics parameters (kcal mol�1) at the BHandHLYP/cc-pVDZ and QCISD(T)/cc-pVTZ//BHandHLYP/
cc-pVDZ levels of theory

Method (Ea (H298K(

n-C3H7 iso-C3H7 n-C3H7 iso-C3H7

BHandHLYP/cc-pVDZ �64.67 �60.78 �63.76 �59.72
QCISD(T)/cc-pVTZ//BHandHLYP/cc-pVDZ �71.19 �68.20 �72.10 �70.26
Exptb �72.12±0.5 �69.22±0.5

aReaction energy without zero-point energy correction,
bReferences
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from Fig. 4 that the two reaction forward CVT and lVT
rate constants calculated from QCISD(T)//BHandH-
LYP potentials show positive temperature dependence
in the temperature range 300–2,500 K, while the re-
ported rate constants from Tsang are independent of
temperature in the above temperature range. As is the-
oretically expected, the rate constants predicted
from lVT are slightly smaller than those predicted from
CVT in the calculated temperature ranges. Moreover,
when temperature increases, the two reactions CVT
and lVT rate constants predicted from the QCISD(T)//
BHandHLYP method become consistent with each
other, respectively. In the temperature range of 300–
400 K, the forward rate constants predicted from CVT
and lVT method are in excellent agreement with liter-
ature values from Tsang. From Fig. 5, the two reactions
reverse rate constants predicted from CVT method are
very close to those predicted from lVT method over the
calculated temperature ranges. Table 4 lists the
two reactions position of variational transition state

calculated from QCISD(T)/cc-pVTZ//BHandHLYP/cc-
pVDZ level of theory based on the CVT calculations.
We can see that the variational transition state for the
two reactions approaches to the product (R(H–H) de-
creases) when temperature increases. However, the var-
iational effect of the two reactions is small at the
QCISD(T)//BHandHLYP level of theory below 500 K.
The positions of variational transition state for the two
reactions are around 1.6 Å of R(H–H) over the tem-
perature range of 300–500 K. This implies that we can
use the geometry at this bond length to approximate the
transition state and to calculate the rate constant for a
wide temperature range without introducing large error,
which will be very useful in predicting the rate constant
of similar reactions based on the RC-TST theory. The
fitted three-parameter Arrhenius expression of the cal-
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culated CVT rate constants at the QCISD(T)/cc-pVTZ//
BHandHLYP/cc-pVDZ level of theory are kCVT (n-
C3H7)=1.68·10�14 T0.84 e(319.5/T) cm3 molecule�1 s�1

and kCVT (iso-C3H7)=4.99·10�14 T0.90 e(159.5/
T) cm3 molecule�1 s�1 for n-C3H7 + H and iso-C3H7 +
H, respectively.

Summary

We present a direct ab initio dynamics study of thermal
rate constants of the two direct hydrogen abstraction

reactions of hydrogen atom with n-propyl radical and
isopropyl radical. BHandHLYP/cc-pVDZ method was
employed to optimize the geometries of stationary
points as well as the points on the MEP. The energies of
all the points were further refined at the QCISD(T)/
cc-pVTZ levels of theory. For the n-C3H7 + H and iso-
C3H7 + H reactions, no one barrier was found at the
QCISD(T)/cc-pVTZ//BHandHLYP/cc-pVDZ level of
theory. The forward and reverse rate constants were
evaluated with both CVT and l VT in the temperature
range of 300–2,500 K. The calculated results show that
the rate constants have positive temperature dependence
in the temperature range 300–2,500 K. The calculated
forward rate constants at QCISD(T)/cc-pVTZ//
BHandHLYP/cc-pVDZ level of theory are in good
agreement with available literature data. The fitted
three-parameter Arrhenius expression of the calculated
CVT rate constants at the QCISD(T)/cc-pVTZ//
BHandHLYP/cc-pVDZ level of theory are kCVT

(n-C3H7)=1.68·10�14 T0.84 e(319.5/T) cm3 molecule�1 s�1

and kCVT (iso-C3H7)=4.99·10�14 T0.90 e(159.5/T) cm3

molecule�1 s�1 for n-C3H7 + H and iso-C3H7 + H,
respectively. The positions of variational transition
state for the two reactions are around 1.6 Å of
R(H–H) over the temperature range of 300–500 K. We
hope that this will be very useful in predicting the rate
constant of similar reactions based on the RC-TST
theory.
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Table 4 The positions of the variational transition state for the
n-C3H7 + H and iso-C3H7 + H reactions based on the CVT cal-
culation at the QCISD(T)/cc-pVTZ//BHandHLYP/cc-pVDZ level
of theory

T (K) R(H–H)Å

n-C3H7 + H iso-C3H7 + H

300 1.645 1.592
350 1.630 1.592
400 1.610 1.592
450 1.610 1.567
500 1.600 1.567
600 1.561 1.546
800 1.505 1.499
900 1.488 1.499
1000 1.469 1.469
1500 1.431 1.448
2000 1.392 1.420
2500 1.372 1.420
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