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Abstract We present a direct ab initio dynamics study of
thermal rate constants of the hydrogen abstraction reaction
of CH2(

3B1) + H2CO → CH3 + CHO. The MP2/cc-pVDZ
method is employed to optimize the geometries of station-
ary points as well as the points on the minimum energy
path. The energies of all the points were further refined at
the CCSD(T)/cc-pVTZ level of theory based on the Moller–
Plesset perturbation theory (MP2) optimized geometries. The
rate constants were evaluated using the conventional tran-
sition state theory, the canonical variational TST, and the
improved canonical variational TST, also both including
small-curvature tunneling correction in the temperature range
of 300–2,500 K. The calculated results show that the rate
constants have positive temperature dependence in the cal-
culated temperature range. The calculated results show that
the tunneling effect is important at low temperature region.

Keywords Direct ab initio dynamics · Variational transition
state theory · Small-curvature tunneling · Rate constant ·
Formaldehyde

1 Introduction

The Methylene radical [CH2(
3 B1)] is a key intermediate

in hydrocarbon combustion reaction and atmospheric pro-
cesses. Up to now, a number of theoretical and experimental
investigations have been performed on the CH2(

3 B1) reac-
tion with atoms, radicals and molecules such as H2 [1,2],
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C2H2 [3,4], CH3 [5,6], CO [7], O2 [8], NO [9], O [10],
H2CO [7,11] etc. Furthermore, it is well known that formal-
dehyde molecule (H2CO) in the gas phase are widespread in
atmospheric and combustion processes. Thus the reaction of
CH2(

3 B1) with H2CO might influence the decay rate of the
CH2(

3 B1) radical and might have further effect on the other
chain reactions considered in combustion processes.

In spite of its importance in combustion and atmospheric
chemistry, this kinetic behaviors of the reaction of CH2(

3 B1)
radical with H2CO molecule has not been experimentally
studied to the best of our present knowledge due to the diffi-
culties in experimental techniques. Theoretically, Tsang and
Hampson [7] had investigated the rate constant of the title
reaction using the bond energy and bond order (BEBO)
method and gave an upper limit value of the reaction rate con-
stant k = 1.0 × 10−14 cm3 mol −1 s−1 over the temperature
range of 300–2,500 K. To better understand its kinetic mech-
anism of the reaction of CH2(

3 B1) radical with H2CO mole-
cule in the course of combustion and atmosphere, high-level
ab initio calculation and rate constants calculation are still
required.

The objective of this study is to accurately calculate the
rate constants of the reaction CH2(

3 B1) + H2CO → CH3 +
CHO. The thermal rate constants of the title reaction are cal-
culated using the CVT [canonical variational transition state
theory (TST)] [12–15], the CVT with the small-curvature tun-
neling (SCT) [14,16] correction (CVT/SCT), the improved
canonical variational TST (ICVT), the ICVT with the SCT
correction (ICVT/SCT) based on the direct ab initio dynamics
approaches [17,18].

2 Computational methods

2.1 Electronic calculations

All the electronic structure calculations are carried out with
the program package GAUSSIAN 98 [19]. The geometries
and harmonic vibrational frequencies of all stationary points
(the reactants, transition state and products) are calculated
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using second-order Moller–Plesset perturbation theory [20]
(MP2) with the Dunning’s [21,22] correlation consistent
basis set including double-zeta, namely, cc-pVDZ. It is well
known that the MP2 energies for many species are generally
inaccurate due to the nature of the method, particularly for
radical. Thus, the energies of the projected Moller–Plesset
perturbation theory (PMP2) are adopted to obtain relative
accurate results. To improve the accuracy of the energetics,
single-point calculations for all the stationary points and the
selected points along the minimum energy path (MEP) are
carried out at the CCSD(T)/cc-pVTZ level of theory using the
MP2/cc-pVDZ optimized geometries. Here the CCSD(T)/
cc-pVTZ are referred to as the coupled cluster calculation
including single and double substitutions with a triples con-
tribution to the energy added [23], using Dunning’s corre-
lation consistent polarized valence triple-zeta basis set. For
convenience, we denote the single-point energy results as
the CCSD(T)//MP2. The IRC is calculated in mass-weighted
Cartesian coordinates with a gradient step size of 0.01
(amu)1/2 bohr using Gonzalez–Schlegel method [24] at the
MP2/cc-pVDZ level of theory. Also, the energy derivatives,
including gradients and Hessians at along the MEP, are
obtained at the same level of theory. The potential energy
curve is further refined at the CCSD(T)/cc-pVTZ level of
theory based on IRC curve at the MP2 level of theory.

2.2 Rate constants

The thermal rate constants at various temperatures are
calculated using conventional TST, CVT and ICVT as imple-
mented in Polyrate8.2 program [25]. The CVT thermal rate
constants for the gas-phase bimolecular reaction is deter-
mined by varying the location of the dividing surface along
the reaction coordinate, s, to minimize the generalized TST
rate constants, kGT(T, s). Thus the CVT thermal rate con-
stants, kCVT(T, s), at temperature T is given by

kCVT(T ) = min
{
kGT(T, s)

}

= min

{
σ

kBT

h

QGT(T, s)

QR(T )

exp [−VMEP(s)/kBT ]

}
(1)

where QGT is the internal partition function of the gen-
eralized transition state; QR is the reactant partition func-
tion per unit volume; σ is the symmetry factor, which is 4
for the forward and 4 reverse direction of the CH2(3 B1) +
H2CO → CH3 + CHO reaction; and kB and h are Boltz-
mann’s and Plank’s constants, respectively. QGT and QR are
approximated as the products of electronic, rotational, and
vibrational partition functions. For bimolecular reactions, the
relative translational partition function per unit volume is
calculated classically. Translational and rotational partition
functions are evaluated classically whereas the vibrational
partition functions were calculated quantum mechanically
within the harmonic approximation.

The ICVT thermal rate constants, kICVT(T ), is used in
order to treat the threshold region as accurately as microca-
nonical variational theory. The expression is written

kICVT(T ) =
(

kBT

h

)
K �=,0min

s

×{
exp

[−�GIGT(T, s)/kT
]}

(2)

where kB is Boltzmann’s constant, T is the temperature,
h is Planck’s constant, K �=,0 is the reciprocal of the stan-
dard state concentration, s denotes a point along the MEP,
�GIGT,0(T, s) is the standard-state improved generalized
free energy of activation at temperature T for the general-
ized transition state located at s, and R is the gas constant.

Furthermore, the CVT and ICVT rate constants are cor-
rected with the SCT transmission coefficient. The SCT trans-
mission coefficients, that include the reaction-path curvature
effect on the transmission probability, are based on the cen-
trifugal-dominant small-curvature semiclassical adiabatic
ground-state (CD-SCSAG) approximation. In particular, the
transmission probability at energy E is given by

P(E) = 1

{1 + e−2θ(E)} (3)

where θ(E) is the imaginary action integral evaluated along
the reaction coordinate

θ(E) = 2π

h

sr∫

sl

√
2µeff(s)

∣
∣E − V G

a (s)
∣
∣ds (4)

and where the integration limits sl and sr are the reaction coor-
dinate classical turning points. The reaction-path curvature
effect on the tunneling probability is included in the effective
reduced mass µeff .

µeff(s) = µ[M(s)]2 (5)

where M(s) is a metric factor.

3 Results and discussion

3.1 Stationary points

Pictorial of optimized geometric parameters of the stationary
points at the MP2/cc-pVDZ level of theory along with the
available experimental values are shown in Fig. 1. It can be
seen that the calculated results are in good agreement with
the available experimental data [26,27]. The largest devia-
tion of the bond length and the bond angle are 0.11 Å for
C–O of H2CO and 1.3◦ for � HCH of H2CO, respectively.
It is obvious that the 0.11 Å deviation between theory and
experiment for the C–O bond length in H2CO molecule is
large at the MP2 level of theory. To explain the situation
clearly, the MPW1K/6-31+G(d,P) method proposed by Truh-
lar and co-workers is adopted to compute the geometries of
H2CO molecule. The C–O bond length, C–H bond length,
and � OCH bond angle are 1.196 Å, 1.099 Å, and 121.8◦
at the MPW1K/6-31+G(d,P) level of theory, respectively,
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Fig. 1 Pictorial of optimized geometries [the bond distance in Å bond angle in degrees) of the stationary points at the MP2/cc-pVDZ level of
theory. The numbers in the parenthesis are the experimental values
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which are very closer to the corresponding experimental val-
ues. The relatively large deviation between the experiment
and MP2 theory might result from that the electronic dis-
tribution cannot be correctly described at the MP2 level of
theory; Meanwhile the MPW1K/6-31+G(d,P) method gives
good description for H2CO molecule. As a matter of fact,
the MPW1K/6-31+G(d,P) method has widely been applied
in kinetic calculations. For the transition state, the breaking
H4–C5 bond distance is elongated by 11.8% at the MP2/cc-
pVDZ level of theory compared to the reactant (H2CO), and
the forming C1–H4 bond distance is elongated by 31% with
respect to the product (CH3) at the same level of theory. This
means that the transition state structure is more reactant-like
than product-like, and the reaction will proceed via early tran-
sition state. This is the expected behavior from Hammond’s
postulate for exothermic reactions.

Table 1 lists the harmonic vibrational frequencies and
zero-point energies of reactants, products and transition state
at the MP2/cc-pVDZ level of theory along with the avail-
able experimental data [28–31]. From Table 1, one can find
that the calculated frequencies at the MP2/cc-pVDZ level of
theory are consistently larger than the corresponding experi-
mental values [28–31]. However, the discrepancies between
theoretical results and experimental data are generally within
7%. This shows that the calculated frequencies are in agree-
ment with the available experimental values. After the cal-
culated frequencies are scaled by a factor of 0.9499 (Refer
to web site:www.nist.gov), the corresponding difference be-
tween theory and the available experiment becomes smaller.
For the transition state, the character of the stationary point is
conformed by normal mode analysis, which yields one and
only one imaginary frequency (1,768 cm−1) whose eigen
vector corresponds to the direction of the reaction.

Table 1 The harmonic vibrational frequencies (cm−1) and zero-point
energies (kcal mol−1) of reactants, products and transition state at the
MP2/cc-pVDZ level of theory

Species Frequencies ZPE

CH2(C2v) 1,159, 3,206, 3,439 11.16
H2CO(C2v) 1,199, 1,275, 1,547, 1,783, 2,965, 3,034 16.87

(1,139, 1,211, 1,469, 1,694, 2,816, 2,881)
Experimenta 1,167, 1,249, 1,500, 1,746, 2,783, 2,843
CH3(D3h) 383, 1,428, 1,428, 3,179, 3,384, 3,384 18.85

(364, 1,356, 1,356, 3,019, 3,214, 3,214)
Experimentb 1,372, 2,914
CHO (Cs ) 1,124, 1,943, 2,716 8.27

(1,067, 1,845, 2,580)
Experimentc 1,066, 1,812, 2,596
TS(C1) 79, 124, 274, 437, 467, 597, 1,237, 1,245, 27.44

1,311, 1,520, 2,470, 2,911, 3,166, 3,358, 1,768i

Note: All the experimental frequencies are anharmonic; The numbers
in the parenthesis are the theoretically calculated harmonic vibrational
frequencies scaled by a factor of 0.9499 (refer to web site:http://www.
nist.gov)
aRef. [28]
bRef. [29]
cRef. [30]

The reaction energetics information including the reaction
energies, the reaction enthalpies, and the forward classical
potential barrier heights at the PMP2/cc-pVDZ and the
CCSD(T)/cc-pVTZ//MP2/cc-pVDZ levels of theory are listed
in Table 2 along with the available experimental data [31]. As
can be seen from Table 2, the predicted reaction enthalpies
(−20.84 kcal mol−1) for the reaction at the PMP2/cc-pVDZ
level of theory is slightly larger than the experimental value
of −19.43 kcal mol−1. However, the refined reaction enthal-
pies (−20.06 kcal mol−1) at the CCSD(T)/cc-pVTZ level of
theory are much close to the experimental value. Since the
calculated reaction enthalpies can be effectively improved by
means of the CCSD(T) methods. Thus the CCSD(T)//MP2
method is very suitable in predicting the energies of the
title reaction. With respect to the forward barrier height,
the single-point calculation at the CCSD(T)//MP2 method
decreases the forward barrier height including zero-point
energy obtained at the PMP2/cc-pVDZ level of theory by
1.25 kcal mol−1. This shows that the single-point calcula-
tion can effectively improve the accuracy of the energetics
information.

3.2 Reaction path properties

The minimum energy path is determined at the MP2/cc-pVDZ
level of theory using the intrinsic reaction coordinate the-
ory [24] with a step size of 0.01 (amu)1/2 bohr. Figure 2
shows the changes of the forming and breaking bond dis-
tances (Å) as function of the reaction coordinate s (amu)1/2

bohr at the MP2/cc-pVDZ level of theory. From Fig. 2, for the
reaction, the active H4–C5 (forming) and C1–H4 (breaking)
bonds change strongly, while the remaining bond lengths are
almost unchanged over the whole reaction processes. The
forming bond H4–C5 and the breaking bond C1–H4 short-
ens and stretches linearly and rapidly from s = −0.25 to
s = 0.75 (amu)1/2 bohr, respectively. Thus, the changes of
the bond lengths occur mainly in the region from −0.25 to
0.75 (amu)1/2 bohr.

In order to obtain more accurate energetic information,
the energy profile is further refined at the CCSD(T)/cc-pVTZ

Table 2 The reaction energetics parameters (kcal mol−1) at the
PMP2/cc-pVDZ and CCSD(T)/cc-pVTZ//MP2/cc-pVDZ levels of
theory

Method �Ea �H◦
298K V �=b

PMP2/cc-pVDZ −21.75 −20.84 7.42 (6.83)d

CCSD(T)/cc-pVTZ//MP2/ −20.97 −20.06 6.17 (5.58)d

cc-pVDZ
Experiment −19.43c

aReaction energy
bClassical barrier height
cCalculated from the standard heat of formation of reactant and prod-
uct. (CH2: 92.35 kcal mol−1 ; H2CO: −27.70 kcal mol−1 ; CH3: 34.82
kcal mol−1 ; CHO: 10.40 kcal mol−1) [31]
dTthe numbers in parenthesis are the classical barrier heights with
zero-point energy correction
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Fig. 2 Changes of the forming and breaking bond distances (Å)
as a function of the reaction coordinate s ((amu)1/2 bohr) at the
MP2/cc-pVDZ level of theory

level of theory along the IRC obtained at the MP2/cc-pVDZ
level of theory. The classical potential energy (VMEP) and the
vibrationally adiabatic ground-state potential energy (V G

a )
curves of the reaction as a function of reaction coordinate
s ((amu)1/2 bohr) at the CCSD(T)/cc-pVTZ//MP2/cc-pVDZ
level of theory are shown in Fig. 3. As can be seen, the VMEP
and V G

a curves are similar in shape. The position of the tran-
sition state does not greatly shift. In order to understand fur-
ther the variational effect, the dynamics bottleneck properties
of the title reaction based on the canonical variational tran-
sition state approach are calculated and listed in Table 3.
The dynamics bottleneck properties denote the position of
the variational transition state at various temperature deri-
vates from the saddle point at s = 0. It can be seen from
Table 3 that the largest deviation is at 1,000–2,500 K, where
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Fig. 3 The classical potential energy (VMEP) and the vibrational-
ly adiabatic ground-state potential energy (V G

a ) curves of the reac-
tion as a function of reaction coordinate s((amu)1/2 bohr) at the
CCSD(T)/cc-pVTZ//MP2/cc-pVDZ level of theory

Table 3 Bottleneck properties determined using the TST and CVT
methods

T (K) s (bohr) VMEP (kcal) V G
a (kcal)

S.P. 0.000 6.17 33.62
250.00 0.004 6.17 33.62
298.00 0.004 6.16 33.62
400.00 0.004 6.16 33.62
500.00 0.005 6.16 33.62
800.00 0.005 6.16 33.62
1,000.00 0.006 6.16 33.62
1,250.00 0.006 6.16 33.62
1,500.00 0.006 6.16 33.62
2,000.00 0.006 6.16 33.62
2,500.00 0.006 6.16 33.62

s = 0.006 amu1/2 bohr, corresponding VMEP and V G
a are

6.16 and 33.62 kcal mol−1, respectively. Since for the con-
ventional transition state (s = 0), VMEP and V G

a take values
6.17 and 33.62 kcal mol−1, respectively, the largest devia-
tions, VMEP(s = 0.006)−VMEP(s = 0) = −0.01 kcal mol−1

and V G
a (s = 0.014) − V G

a (s = 0) = 0.00 kcal mol−1, are
very small. This means that the variational corrections in the
calculation of the rate constant are also very small.

3.3 Rate constant calculations

The forward rate constants calculated using CVT, ICVT,
CVT/SCT and ICVT/SCT methods based on the PES infor-
mation at the CCSD(T)//MP2 level of theory are shown Fig. 4.
It can be seen from Fig. 4 that the rate constants have positive
temperature dependence in the calculated temperature range,
and the tunneling effect is important at low temperature re-
gion. The difference between the TST and CVT rate constants
is quite small; i.e. 2% at 250 K and 8% at 2,500 K. At 250
K, the rate constant of ICVT/SCT is larger than that of ICVT
by a factor of more than 4. As the temperature increases, the
predicted rate constants become consistent with one another
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Fig. 4 Comparison of the calculated rate constants of the reaction versus
1, 000/T at the CCSD(T)/cc-pVTZ//MP2/cc-pVDZ level of theory
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Table 4 The title reaction rate constants (cm3 mol−1 s−1) at the CCSD(T)/cc-pVTZ//MP2/cc-pVDZ level of theory in the temperature range
250–2,500 K

T (K) TST CVT ICVT CVT/SCT ICVT/SCT ICVT/SCT (hindered rotor)a Ref. [7]

250.00 8.44E-21 8.25E-21 8.06E-21 4.00E-20 3.91E-20 3.31E-20
298.00 5.71E-20 5.56E-20 5.50E-20 1.49E-19 1.47E-19 1.25E-19
300.00 6.11E-20 5.95E-20 5.89E-20 1.57E-19 1.55E-19 1.31E-19
350.00 2.68E-19 2.60E-19 2.58E-19 5.14E-19 5.10E-19 4.36E-19
400.00 8.558E-19 8.26E-19 8.24E-19 1.37E-18 1.37E-18 1.24E-18
500.00 4.86E-18 4.66E-18 4.66E-18 6.43E-18 6.43E-18 5.45E-18
600.00 1.72E-17 1.65E-17 1.65E-17 2.06E-17 2.06E-17 1.81E-17
700.00 4.61E-17 4.39E-17 4.39E-17 5.17E-17 5.17E-17 4.38E-17
800.00 1.03E-16 9.74E-17 9.74E-17 1.10E-16 1.10E-16 9.63E-17
1,000.00 3.55E-16 3.36E-16 3.36E-16 3.64E-16 3.64E-16 3.38E-16
1,250.00 1.12E-15 1.05E-15 1.05E-15 1.10E-15 1.10E-15 9.62E-16
1,500.00 2.68E-15 2.51E-15 2.51E-15 2.60E-15 2.60E-15 2.250E-15
2,000.00 9.71E-15 9.06E-15 9.06E-15 9.24E-15 9.24E-15 7.93E-15
2,500.00 2.48E-14 2.30E-14 2.30E-14 2.33E-14 2.33E-14 1.99E-14 >1.0E-14

aThe ICVT/SCT rate constant including hindered rotor treatment

at various levels of theory. Table 4 listed the theoretical eval-
uated results and the other theoretical value [7]. It can be
seen that the calculated rate constants are in good agree-
ment with the literature upper limited value from Tsang et al.
[7]. In addition, some frequencies at the TS are very small
(79,124,274 cm−1), under the situation the accuracy of the
rate constants treating the method as harmonic oscillators will
lower. Thus, the ICVT/SCT rate constants including hindered
rotation effect were also calculated and tabulated in Table 4.
It is obvious that the ICVT/SCT rate constants including the
hindered rotation are close to the ICVT/SCT rate constants in
the calculated temperature range, with the deviations being
a factor of 1.18–1.07 at the temperature region of 250–2,500
K. The ICVT/SCT rate constants of this reaction including
the hindered rotation are slightly smaller than the ICVT/SCT
rate constants without hindered rotation when the tempera-
ture is above 1,250 K. Furthermore, the forward ICVT/SCT
rate constants within 250–2,500 K are fitted by the three-
parameter expression in units of cm3 mol−1 s−1 as follows:

k = 1.23 × 10−25T 4.21e(−817.2/T )

4 Summary

We present a direct ab initio dynamics study of thermal rate
constants of the hydrogen abstraction reaction of CH2(

3 B1)+
H2CO → CH3 + CHO. The MP2/cc-pVDZ method is em-
ployed to optimize the geometries of stationary points as well
as the points on the MEP. The rate constants were evaluated
using the CVT, the CVT with SCT CVT/SCT, the ICVT, and
the ICVT with SCT correction (ICVT/SCT) in the tempera-
ture range of 250–2,500 K. The calculated results show that
the reaction rate constants have positive temperature depen-
dence in the calculated temperature range. The calculated
forward rate constants at the CCSD(T)/cc-pVTZ//MP2/cc-
pVDZ level of theory are in good agreement with available
literature data. Small-curvature tunneling effect is impor-
tant only in low temperature range. The three-parameter fit
for the reaction rate constants within 250–2,500 K is k =

1.23 × 10−25T 4.21 e(−817.2/T ) cm3 mol−1 s−1. We hope that
our kinetic studies on the direct hydrogen abstraction reac-
tion channel may be useful for understanding the mechanism
of CH2(

3 B1) + H2CO.
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