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The hydrogen abstraction reaction CH2O + NH2 f CHO + NH3 has been studied using direct ab initio
dynamics method. All of the information along the minimum energy path (MEP) was calculated at the UMP2/
6-311+G(d, p) level of theory. Energetic data along the MEP were further refined using the scheme G2 with
the UMP2/6-311+G(d, p) optimized geometries. The barrier heights for the forward and reverse reactions
were obtained as 5.89 and 24.44 kcal/mol, respectively. Reaction rate constants and activation energies were
calculated for the temperature range 250-2500 K by the improved canonical variation transition state theory
(ICVT) incorporating a small-curvature tunneling correction (SCT). The rate constant at the room temperature
was predicted to be 5.25× 10-17 cm3 molecule-1 s-1, which is about 2 orders of magnitude smaller than that
of the hydrogen abstraction reaction of acetaldehyde with aminogen.

Introduction

Formaldehyde is a key component in atmospheric chemistry
and a key intermediate in hydrocarbon combustion. In the urban
atmosphere, formaldehyde is mainly generated from automobile
emissions. In the natural atmosphere, and especially in the
stratosphere, it is thought to be a result of the oxidation of
methane and other biogenic and anthropogenic hydrocarbons.
Because of the importance of formaldehyde in the atmosphere,
interstellar space, and combustion chemistry, a number of
relevant kinetics investigations have been initiated since the
1970s.1,2 The discovery of formaldehyde in the interstellar space
and the recent measurements of its concentration in both the
troposphere and stratosphere3,4 provided further interest for its
kinetic behavior. The reaction CH2O + NH2 f CHO + NH3

may play an important role in decreasing the depletion of ozone
in the atmosphere and in minimizing the NOx formation in the
combustion process. Thus, a knowledge on the parameters
around the kinetics is essential in modeling the corresponding
chemical processes. To the best of our knowledge, although a
series of hydrogen abstraction reactions of formaldehyde with
radicals CH2O + X f CHO + HX (X ) F, Cl, Br, OH, and
CN) has been extensively studied,5-9 no experimental or
theoretical data is as yet available for the CH2O + NH2f CHO
+ NH3 reaction.

It is well-known that the direct ab initio dynamics method is
a very useful means for predicting kinetics parameters of
reactions,10-12 which uses the electronic structure information,
including the geometries, energies, gradients, and force constants
(Hessians) at selected points along the reaction path, to calculate
rate constants without the intermediate stage of constructing a
full analytical potential energy surface (PES). The accuracy of
the direct ab initio dynamics method depends on the precise
description of the transition state and on the quality of the whole
PES. Recent development of this method has opened up the
possibility for detailed quantitative dynamical calculations of
thermal rate constants of gas-phase chemical reactions. In the

present study, the potential energy information and the rate
constants have been calculated using the direct ab initio
dynamics method employing the POLYRATE 8.213 program.

Computational Methods and Details

The computation of geometric parameters, harmonic vibra-
tional frequencies, and the intrinsic reaction coordinate (IRC)
was carried out using the Gaussian 98 package of programs.14

As a reasonable compromise between speed and accuracy, all
of the geometries of the reactants, products, and transition state
have been fully optimized using the open shell second-order
Møller-Plesset perturbation theory (UMP2)15,16 with the
6-311+G(d, p) basis set. The MEP was calculated at the same
level of theory based on the internal reaction coordinates with
a step size of 0.02(amu)1/2 bohr. A total of 75 points were located
on each side of the IRC. At each selected point along the IRC,
gradients and Hessians were calculated at the UMP2/6-311+G-
(d, p) level of theory. The single-point energy refinements were
also carried out for the stationary points as well as for the
selected points along the IRC at the CCSD(T)/6-311+G(3df,
2p)//UMP2/6-311+G(d, p) and G2//UMP2/6-311+G(d, p) levels
of theory.

The rate constants at various temperatures were calculated
using the conventional transition state theory (TST) and the
improved canonical variational transition state theory (ICVT).
Furthermore, the ICVT rate constants were corrected with the
zero-curvature tunneling (ZCT) and the small-curvature tun-
neling (SCT) transmission coefficients.11,17-23 All of the rate
constant calculations were carried out using the general poly-
atomic rate constants code POLYRATE 8.2.13

Results and Discussion

A. Stationary Points. The optimized geometric parameters
of the reactants (CH2O and NH2), products (CHO and NH3),
and the transition state at the UMP2/6-311+G(d, p) level of
theory are listed in Table 1 together with the experimental
values. The corresponding structures are displayed in Figure 1.
For the reactants and products, this method yield excellent
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agreement with the experimental data.24-26 In particular, the
maximum deviations are only 0.01 Å for bond lengths and 0.7°
for bond angles, indicating that the UMP2/6-311+G(d, p)
method is suitable to depict the structures involved in the
reaction. From Figure 1, it can be seen that the transition state
has aC1 symmetry. The bond length C2-H4, which is breaking,
increases by 12.4%, and the bond length H4-N5, which is
forming, increases by 36.1% with respect to the equilibrium
bond lengths in CH2O and NH3. The resemblance of the
structures between the reactants and the transition state indicate
that the transition state appears earlier on the reaction path, as
can be anticipated for exothermic reactions.27 In addition, the
geometry predicted for the transition state is nearly collinear
with regard to the angle between the breaking C2-H4 bond and
the forming H4-N5 (<C2H4N5 ) 170.4) bond.

The reaction enthalpies and barrier heights of the title reaction
are listed in Table 2. It is obvious that the zero-point energy
(ZPE) corrected reaction energy from the G2 method (-18.54
kcal mol-1) provides the best result among all of the methods
employed in this study when compared with the experimental
reaction enthalpy28 (-19.79( 0.39 kcal mol-1). The calculated
ZPE corrected reaction energies at the UMP2/6-311+G(d, p),
CCSD(T)/6-311+G(3df,2p)//UMP2/6-311+G(d, p), and QCISD/
6-311+G(d, p) levels of theory are-21.18,-18.15, and-16.82

kcal/mol, respectively. It can also be seen from Table 2 that
the calculated barrier heights are sensitive to the computational
methods. The calculated ZPE corrected barriers for the forward
reaction (V fa

Gq) are 10.52, 7.03, and 5.89 kcal/mol, using the
UMP2/6-311+G(d, p), CCSD(T)/6-311+G(3df, 2p)//UMP2/
6-311+G(d, p), and G2//UMP2/6-311+G(d, p) methods, re-
spectively. The ZPE corrected barrier heights for the reverse
reaction are 31.71, 25.19, and 24.44 kcal/mol, using the same
methods, respectively. It is noticed that the CCSD(T)/6-311+G-
(3df, 2p)//UMP2/6-311+G(d, p), and G2//UMP2/6-311+G(d,
p) methods provide close reaction energies and barrier heights.
Considering the fine agreement between the reaction energy
calculated using the G2//UMP2/6-311+G(d, p) method and the
experimental reaction enthalpy,28 it can be concluded that either
the CCSD(T)/6-311+G(3df, 2p)//UMP2/6-311+G(d, p) or the
G2//UMP2/6-311+G(d, p) method is required to give more
accurate energetic data in the present study.

The harmonic vibrational frequencies and the zero-point
energies (ZPE) for the reactants (CH2O, NH2), products (CHO,
NH3), and transition state(HO C2‚‚‚H4‚‚‚N5H7H8) calculated
at the UMP2/6-311+G(d, p) level of theory are listed in Table
3 together with the available experimental frequencies25,26,29-31

of reactants and products. The maximum error for the theoretical
vibrational frequencies is within 12.8% compared with the
corresponding experimental values.25,26,29-31 Notice that the
absolute value of the imaginary frequency is quite large (2319i),
which implicates that a significant tunneling effect may occur
at low temperatures.

B. Reaction Path Properties.Figure 2 shows the variations
of bond distances with the reaction coordinate of the reaction
CH2O + NH2 f CHO + NH3. It can be seen that the bond
lengths of C2-H4 and H4-N5 change dramatically with the
intrinsic reaction coordinates. On the other hand, bond lengths
of all of the other bonds change little. As the reaction proceeds
from reactants to products (i.e.,s changes from-∞ to +∞),
the breaking bond distance (C2-H4) remains practically un-

TABLE 1: Optimized Geometries for the Reactants, Products, and Saddle Point for the CH2O + NH2 f CHO + NH3 Reaction
at UMP2/6-311+G(d, p) Level, as Well as Experimental Valuesa

parameter CH2O NH2 CH2ONH2(TS) CHO NH3

r(O1-C2) 1.213 1.189 1.183
(1.203( 0.003)b

r(C2-H3) 1.105 1.115 1.122
(1.099( 0.009)b

r(N5-H6) 1.025(1.024)c,d 1.025 1.013(1. 012)d

r(C2-H4) 1.242
r(N5-H4) 1.379
∠(O1C2H3) 121.9 124.0 124.3

(121.75( 0.6)b

∠(O1C2H4) 121.9 123.3
∠(H3C2H4) 112.7
∠(H6N5H7) 102.8(103.0)c,d 104.1 107.4(106.7)d

∠(C2H4 N5) 170.4
τ(H3C2N5H7) 178.6

a Bond lengths are expressed in angstroms, and angles are in degrees. The values in parentheses are experimental values.b Reference 24.c Reference
25. d Reference 26.

TABLE 2: Heat of Reaction and Barrier Heights (kcal/mol) for the CH 2O + NH2f CHO + NH3 Reactiona

levels ∆rH 298K
0 V f

q V fa
Gq V r

q V ra
Gq

UMP2/6-311+G(d,p) -21.18 10.26 10.52 32.50 31.71
QCISD/6-311+G(d,p) -16.82
CCSD(T)//6-311+G(3df,2p)//UMP2/6-311+G(d,p) -18.15 6.76 7.03 25.98 25.19
G2// UMP2/6-311+G(d,p) -18.54 6.31 5.89 25.78 24.44
exptb -19.79( 0.39

a V fa
Gq forward reaction potential barriers with zero-point energy (ZPE) correction.V ra

Gq reverse reaction potential barriers with zero-point energy
(ZPE) correction.b Based on available experimental data in ref. 28.

Figure 1. Optimized geometries of the stable points and transition
state.
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changed until the reaction coordinates reaches-0.25 (amu)1/2

bohr, where it starts to increase almost linearly withs.
Synchronously with this, the forming bond length (H4-N5)
decreases almost linearly untils reaches about+0.75 (amu)1/2

bohr. At this point, the H4-N5 bond is formed, and the bond
length remains changed afterward. Thus, the region froms )
-0.25 to 0.75 (amu)1/2 bohr on the IRC dominates the shuttling
of the hydrogen atom from the carbon atom to the nitrogen atom.

The curves of the generalized frequencies calculated at the
UMP2/6-311G+(d, p) level of theory are plotted in Figure 3
with respect to the reaction coordinate. At both the reactants
asymptote (s ) -∞) and the products asymptote (s ) +∞),
vibrational frequencies of the reacting system change to the
corresponding vibrational frequencies of reactants and products,
respectively. The solid line shown in Figure 3 denotes the
harmonic C2‚‚‚H4‚‚‚N5 stretching vibration. Whens< 0 (amu)1/2

bohr, this mode is the stretching vibration mode of the breaking
C2-H4 bond of CH2O, and whens> 0 (amu1/2) bohr, this mode
is the stretching vibrational mode of the forming H4-N5 bond
of NH3. This character indicates that the vibrational modeν-
(C2‚‚‚H4‚‚‚N5) is closely related to the hydrogen abstraction
reaction, so the vibrational modeν(C2‚‚‚H4‚‚‚N5) can be referred
to as the “reaction mode”.

The classical potential energyVMEP(s) and the ground-state
adiabatic potential energyVa

G(s) at UMP2/6-311+G(d, p) and
G2//UMP2/6-311+G(d, p) levels of theory are plotted in Figure
4 for the reaction CH2O + NH2 f CHO + NH3. From Figure
4, it can be seen that both theVMEP at UMP2/6-311+G(d, p)
and G2//UMP2/6-311+G(d, p) levels of theory are well
established, and the maxima of bothVMEP have no obvious
shifting. The curve ofVa

G is quite different from the curve of

VMEP. BecauseVa
G is a consequence of summing upVMEP and

ZPE, due to a significant drop of ZPE prior to the saddle point
zone, the curve ofVa

G of UMP2/6-311+G(d, p) and G2//
UMP2/6-311+G(d, p) methods also exhibits two barriers. For
the Va

G(s) of the UMP2/6-311+G(d, p) method, one barrier,
higher in energy, is located at the original transition state ats
) 0, and the other barrier is located in the entrance valley ats
) -0.30 (amu)1/2 bohr. However, for theVa

G(s) of the
G2//UMP2/6-311+G(d, p) method, the higher barrier is shifted
to the entrance valley at approximatelys) -0.30 (amu)1/2 bohr
and the other at the original transition state ats ) 0. Espinosa-
Garcia and Corchado32 have argued that this kind of shifting is

TABLE 3: Harmonic Vibrational Frequencies (cm-1) and Zero-Point Energies (ZPE; Kcal mol-1) at the UMP2/6-311+G(d, p)
Level, as Well as Experimental Values

frequencies UMP2/6-311+G(d, p) experiment ZPE

CH2O 3047 2976 1762 1588 1278 1206 3009 2944 1764 1563 1191 1287a 16.88
NH2 3559 3459 1519 3220 3173 1497b,c 12.18
CHO 2755 1947 1120 2442 1856 1076d 8.31
NH3 3682 3682 3529 1661 1661 1060 3577 3577 3506 1691 1691 1022c,e 21.80
TS 3558 3448 2914 2264 1561 1518 1341 29.32

1341 1251 841 720 637 282 149 59 2319i

a Reference 29.b Reference 25.c Reference 26.d Reference 30.e Reference 31.

Figure 2. Changes of the bond distances (in Å) as a function of the
intrinsic reaction coordinates (amu)1/2 bohr at the UMP2/6-311+G-
(d,p) level.

Figure 3. Generalized normal mode vibrational frequencies as a
function of the intrinsic reaction coordinates (amu)1/2 bohr at the UMP2/
6-311+G(d,p) level.

Figure 4. Curves of potential energy (VMEP) and vibrationally adiabatic
ground-state potential energy (Va

G) as a function of the intrinsic
reaction coordinates (amu)1/2 bohr.
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caused artificially by the computational technique, namely,
optimizing geometries at a lower level of theory (MP2) and
then refining the energies (without re-optimization) at a higher
level of theory (G2). For a further understanding of the
variational effect, dynamics bottleneck properties of the reaction
based on the improved canonical variational transition state
approach (ICVT) are listed in Table 4. It can be seen that the
position of the variational transition state shifts to the product
direction on the IRC when temperature increases. The variational
transition state shifts to 0.1324 (amu)1/2 bohr at 2500 K. These
results show that there exist considerable variational effects in
the title reaction.

C. Rate Constants.On the basis of the G2//UMP2/6-311+G-
(d, p) energies, we calculated the rate constants using the TST,
ICVT, and ICVT/SCT methods. The results are shown in Figure
5a. It is seen that deviations of rate constants between TST and
ICVT increase with increments in temperature. This indicates
that the variational effects increase as temperature rises and is
in agreement with the discussion in the previous section. Thus,
the variational approach is required to calculate the rate constants
at higher temperature (>500 K) for the title reaction. By
comparing the rate constants of ICVT, ICVT/ZCT, and ICVT/
SCT, it can be seen that the tunneling effects is important in a
large temperature range (<600 K). In particular, the SCT
correction for tunneling effects is required at low temperatures.

Figure 5b depicts the ICVT/SCT rate constants calculated
from UMP2/6-311+G(d, p), CCSD(T)/6-311+G(3df, 2p)//
UMP2/6-311+G(d, p), and G2//UMP2/6-311+G(d, p) energies.
Obviously, the rate constants predicted from UMP2/6-311+G-
(d, p) energies are not qualified as a result of over-estimations
in the barrier height. The rate constants calculated from CCSD-
(T)/6-311+G(3df, 2p)//UMP2/6-311+G(d, p) and G2//UMP2/
6-311+G(d, p) energies are in good agreement with each other.

Table 5 lists the activation barriers that are estimated from
the ICVT/SCT rate constants in several temperature range. In
the temperature range 298-335 K, the activation energy is 5.34
kcal/mol. Although there is no experimental activation energy

to compared with, the values seem to be reasonably based on
the activation energy of the reaction CH3CH2O + NH2 f CH3-
CHO + NH3 in the temperature range 297-548 K33 and the
methyl effect on hydrogen abstraction of alkane with amino-
gen.34,35

Summary

In this study, we have presented a detailed analysis on the
reaction paths and rate constants for the reaction CH2O + NH2

f CHO+NH3. We used the UMP2/6-311+G(d, p)15,16method
to calculate the geometries and frequencies along the reaction
paths and then obtained the information of PES with the same
method. The refined barrier height at the G2 //UMP2/6-311+G-
(d, p) level of theory is 5.89 kcal mol-1.

By analyzing the minimum energy reaction paths, it is found
that the hydrogen abstraction process mainly occurs in the range

TABLE 4: Bottleneck Properties (ICVT) of the Reaction

T s VMEP Va
G T s VMEP Va

G

S. P. 0.000 6.54 35.91 398 0.057 6.23 35.75
250 0.031 6.41 35.86 400 0.057 6.23 35.75
268 0.034 6.39 35.85 500 0.070 6.11 35.67
273 0.035 6.38 35.85 550 0.076 6.06 35.64
278 0.036 6.38 35.85 600 0.080 6.02 35.61
295 0.039 6.36 35.83 650 0.083 5.99 35.58
298 0.039 6.35 35.83 700 0.087 5.95 35.55
318 0.043 6.33 35.82 723 0.088 5.94 35.54
335 0.046 6.31 35.80 800 0.092 5.89 35.50
336 0.046 6.30 35.80 1000 0.101 5.79 35.42
346 0.048 6.29 35.80 1250 0.109 5.68 35.33
353 0.049 6.28 35.79 1500 0.116 5.60 35.25
363 0.051 6.27 35.79 1750 0.121 5.52 35.18
370 0.052 6.26 35.78 2000 0.126 5.46 35.12
377 0.053 6.26 35.77 2500 0.132 5.36 35.02

TABLE 5: Activation Energies (in kcal/mol) for the Title
Reaction

lower T upper T TST CVT ICVT CVT/SCT ICVT/SCT

250 268 6.86 6.76 6.81 4.97 4.65
268 298 6.95 6.82 6.86 5.30 5.00
298 335 7.07 6.9 6.93 5.62 5.34
335 398 7.29 7.08 7.10 6.03 5.75
400 500 7.70 7.40 7.42 6.60 6.31
500 800 8.76 8.29 8.30 7.90 7.48
800 1500 11.65 10.93 10.94 11.02 10.45

1500 2500 17.05 16.03 16.03 16.55 15.75

Figure 5. a. Forward reaction rate constantsk (in cm3 molecule-1 s-1)
as a function of the reciprocal of the temperature (in K-1) in the range
250-2500 K. The dash line (1) denotes the rate constants calculated
from conventional transition state theory (TST). The dot line (2) denotes
the rate constants calculated from improved canonical variational
transition state theory (ICVT). The dash dot line (3) denotes the rate
constants calculated from ICVT incorporating zero-curvature tunneling
(ZCT) correction. The solid line (4) denotes the rate constants calculated
from ICVT incorporating small-curvature tunneling (SCT) correction.
b. Forward reaction rate constantsk (in cm3 molecule-1 s-1) at three
different levels of theory in the range 250-2500 K.
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of -0.25∼ +0.75 (amu)1/2 bohr on the MEP of the reaction.
During the reaction processes, the C2-H4 bond is breaking, the
H4-N5 bond is forming, while the C2-H4 stretching vibrational
mode gradually changes to the H4-N5 stretching vibrational
mode.

The rate constants and the activation energies are calculated
in the temperature range of 250-2500 K using the improved
canonical variational transition state theory, incorporating zero-
curvature tunneling and small-curvature tunneling corrections.
The results of the calculations indicate that variational effects
on the rate constants are obvious at higher temperatures, whereas
the tunneling corrections are very important for the rate constants
at low temperatures, and the effect of the SCT is more significant
than that of the ZCT. The rate constants for the title reaction
are 5 orders of magnitude smaller than those reactions of
formaldehyde with F, Cl, Br, CN, and OH5-9,36 in the low-
temperature range, whereas in the high-temperature range, their
rate constants are much closer.
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