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Molecular orbital theory was used to study the stationary points on the reaction-path of the hydrogen abstraction
reaction between ammonia and an oxygen atom. In theCs symmetry, this reaction proceeds over two potential
energy surfaces,3A′ and3A′′, with a hydrogen-bonded complex in the exit channel. From the analysis of the
reaction-path curvature, we find qualitatively that excitation of the NH3 stretch and bend modes might enhance
the forward rate constants and that the OH stretch and NH2 bend modes of the products could appear
vibrationally excited, although, as a result of the randomization of the energy favored by the deep hydrogen-
bonded well, these modes will appear less vibrationally excited than those in other direct reactions. The total
forward thermal rate constants were calculated from the sum of the calculated rate constants for the two
surfaces using variational transition-state theory with semiclassical transmission coefficients over a wide
temperature range, 500-2000 K. The calculated rate constants show reasonable agreement with experimental
data, with a more pronounced curvature in the Arrhenius plot than in the experimental data.

1. Introduction

The chemistry of ammonia with an oxygen atom is very
complex and involves many intermediate fast reactions, and in
some cases, neither the products nor the rate constants are well-
known. These reactions play an important role in the conversion
of fuel-nitrogen to the atmospheric contaminant NO.1

Experimentally, the title reaction has been extensively studied
using a wide variety of detection techniques and a broad range
of temperatures (300-2060 K).2-15 To clarify the discussion,
this temperature range will be split into three regions. At low
temperatures (T < 400 K), the reaction mechanism (H-
abstraction producing NH2 and OH or O-addition producing a
NH3O* excited complex) is still an open question.3,9,10,12The
largest number of studies has been performed at intermediate
temperatures (500-1000 K).4-8,11The high degree of dispersion
of the rate constant values diminishes with temperature. For
example, at 500 K, the rate constants range from 1.17× 10-14

cm3 molecule-1 s-1 (ref 6) to 3.83× 10-15 cm3 molecule-1

s-1 (ref 11), that is, by a factor of 3. Finally, at high temperatures
(T > 1000 K), there are also fewer experimental works,2,13-15

and the most probable mechanism is the H-abstraction. Hanson
and Salimian16 proposed a value ofk(T) ) 3.21× 10-11 exp-
(-4450/T) cm3 molecule-1 s-1, in the temperature range 1000-
2100 K, with error limits of 0.5K and 2.0K, that is, a factor of
4. It is important to note that, in the three temperature regions
taken independently, the experimental rate constants present a
linear Arrhenius plot.

The title reaction has been comprehensively reviewed by
Cohen17 and Baulch et al.18 Cohen reviewed this reaction with
particular attention to the possible effects of secondary reactions
on the deduced rate constant. He finds that the available data
are not sufficient to determine whether the initial step is H-atom
abstraction or O-atom addition, and that the low-temperature
values of the rate constant (T e 400 K) are not consistent with
values deduced at higher temperatures if the reaction proceeds
by H-abstraction. He recommends the expressionk(T) ) (1.8

× 10-18)T2.1 exp(-2620/T), with a high degree of curvature
(T2.1) in the Arrhenius plot. Finally, Baulch et al. recommend
the expressionk(T) ) 1.6× 10-11 exp(-3670/T) over the range
500-2500 K, with an error limit of∆ log K ) (0.5. Both
surveys17,18 agree that the best values are those of Perry11 at
intermediate temperatures [k(T) ) 3.3 × 10-11 exp(-4530/T)
over the range 448-841 K] and of Salimian et al.14,16 at high
temperatures, and therefore, these experimental studies will be
used in this work for comparison purposes. This disagreement
concerning the curvature in the Arrhenius plot is probably simply
because the experimental measurements were performed inde-
pendently over different temperature ranges. However, this
reaction presents a heavy-light-heavy (HLH) mass combina-
tion, which is a good candidate to present a large tunneling effect
at low temperatures and, therefore, curvature in the Arrhenius
plot. Obviously, this effect will become more patent when a
larger range of temperatures are simultaneously analyzed.

The extensive experimental literature on the NH3 + O
reaction contrasts with the lack of theoretical studies. As far as
we know, surprisingly, this reaction has not been theoretically
studied, because the transition-state theory calculations of
Salimian et al.14 and Cohen17 are really empirical approxima-
tions. The reason could be that this reaction is particularly
challenging because, for the H-atom abstraction reaction, the
approach of the O(3P) to ammonia withCs symmetry proceeds
over two potential energy surfaces (PESs),3A′ and3A′′. Indeed,
for Cs symmetry the irreducible representation is3A′ + 3A′′
for reactants and3A′ + 3A′′ + 1A′ + 1A′′ for products, and
therefore, both asymptotes adiabatically correlate through the
PESs3A′ and3A′′ in Cs.

In this paper, we focus on the H-atom abstraction reaction.
We first calculate the energy, geometry, and vibrational
frequencies of the stationary points by using electronic structure
calculations. In a second step, we use ab initio information in
the region along the reaction-path, which is usually referred to
as a “direct dynamics” method.19 This method describes a
chemical reaction by using ab initio information (energies,
gradients, and Hessians) only in the region of configuration* E-mail: joaquin@unex.es.
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space along the reaction-path and has yielded satisfactory results
for some hydrogen abstraction reactions.19-28 To obtain kinetic
information, we perform variational transition-state theory
(VTST) calculations with the inclusion of multidimensional
tunneling effects on both the3A′ and3A′′ surfaces independently.

2. Methods and Computational Details

2.1. Electronic Calculations.Geometry, energy, and first and
second energy derivatives were calculated using the GAUSSIAN
94 system of programs.29 The stationary point geometry
[reactants, saddle points (3A′ and 3A′′ symmetry), hydrogen-
bonded in the product channel (HBP), and products] was
optimized at three levels of calculation: (i) restricted (R) or
unrestricted (U) second-order Møller-Plesset perturbation
theory,30 MP2, with full electron correlation, using the 6-31G-
(d,p) basis set;31 (ii) the coupled-cluster approach including a
perturbative estimate of connected triple excitations,32 CCSD-
(T), using the correlation-consistent polarized valence double-ú
set, cc-pVDZ, developed by Dunning et al.;33 and (iii) density
functional theory (DFT), where the exchange and correlation
were treated by the B3LYP method,34 which is based on Becke’s
three-parameter hybrid method35 for combining Hartree-Fock
exchange with a local density approximation exchange-correla-
tion functional,36 using the cc-pVTZ (triple-ú) basis set.33

In a second step, to improve the energy description of the
stationary points (reaction energy and barrier height), we made
a single-point calculation at higher levels:

Level 1. Using the MP2/6-31G(d,p) optimized geometries,
we made a single-point calculation with the CCSD(T) method
using the cc-pVTZ basis set of Dunning et al. We denote this
energy as

where the double slash (X//Y) denotes geometry optimization
at level Y and energy calculated at level X.

Level 2. Continuing with the CCSD(T) approach, we
increased the basis set using the augmented-cc-pVTZ basis set
of Dunning et al., AUG-cc-pVTZ. We denote this energy as

Level 3. Using the B3LYP/cc-pVTZ optimized geometries,
we made a single-point calculation with the same method, but
increasing the basis set. We denote this energy as

To examine the performance of the results obtained with these
single-reference electron correlation methods, Lee and Taylor37

proposed theT1 diagnostic:T1 ) ||t1||/N2
elec, where||t1|| is the

Euclidian norm of the coupled-cluster with single and double
excitation amplitudes andNelec is the number of active electrons
in the correlation procedure. It has been suggested37,38 that a
largeT1 value (i.e.,T1 > 0.02) is an indication that nondynamical
electron correlation effects are important and, therefore, a
multireference electron correlation treatment would be more
suitable. In the present case, we obtainedT1 ) 0.02 for both
3A′ and3A′′ saddle points, a value which indicates dynamical
correlation behavior for this electronic system, and, thus, the
use of single-reference electron correlation methods seems to
be justified, although it can be considered as a limit case.

The use of a multireference electron correlation method, even
only for the stationary points, is beyond the scope of this work,
and the calculation of analytical gradients along the reaction-
path is an enormous computational task and is not available in

any computer program package of which we are aware.
However, for comparison only, we would mention two recent
papers39,40 where some single reference and multireference
correlation methods have been analyzed for the similar CH4 +
O(3P)39 and CH4 + OH40 reactions, respectively. These papers
clearly show that the transition state has a much greater
multiconfigurational character than reactants and products and
that the multireference electron correlation calculation provides
a balanced treatment of dynamical and nondynamical correlation
for open-shell transition states, while, from the numerical point
of view, for the barrier height and reaction energy, the most
expensive multireference method gives results similar to those
of the single-reference methods when elaborate correlated wave
functions and large basis sets are used, for example, as in the
scaling of all correlation (SAC) method (see Table 5 of ref 39
and Table 3 of ref 40 using the SAC values from ref 41).

At the MP2/6-31G(d,p) level, we constructed the “intrinsic
reaction coordinates” (IRCs) or minimum energy paths (MEPs)
for both 3A′ and3A′′ surfaces independently, starting from the
respective saddle point geometries and going downhill to both
the asymptotic reactant and product channels in mass-weighted
Cartesian coordinates with a gradient step size of 0.1 bohr
amu1/2. Along these MEPs the reaction coordinate,s, is defined
as the signed distance from the saddle point, withs> 0 referring
to the product side. In the rest of the work the units ofs are
bohr, and the reduced mass to scale the coordinates42 is set to
1 amu. This has no effect on calculated observables, but it does
affect the magnitude ofs in plots used for interpretative
purposes. In addition, for 20 points along these MEPs we
computed the gradients and Hessians at this level, avoiding all
the time undesirable reorientations of molecular geometries.

2.2. Dynamics.For the3A′ and3A′′ surfaces, independently,
at the points along the MEPs, we perform a generalized normal-
mode analysis, projecting out frequencies at each point along
the path.43 With this information, we calculated, first, the
ground-state vibrationally adiabatic potential curve

whereVMEP(s) is the classical energy along the MEP with its
zero energy at the reactants (s ) -∞) andεint

G(s) is the zero-
point energy ats from the generalized normal-mode vibrations
orthogonal to the reaction coordinate, and second, the coupling
terms,40 Bk,F(s), measuring the coupling between the normal
mode k and the motion along the reaction coordinate, mode F.
These coupling terms are the components of the reaction-path
curvature,κ(s), defined as

and they control the nonadiabatic flow of energy between these
modes and the reaction coordinate.44,45 These coupling terms
will allow us to calculate accurate semiclassical tunneling factors
and to give a qualitative explanation of the possible vibrational
excitation of reactants and/or products, that is, dynamical
features.

Finally, the energies, vibrational frequencies, geometries, and
gradients along the MEP were used to estimate rate constants
along the3A′ and3A′′ surfaces by using variational transition
state theory (VTST). We calculated thermal rates using the
canonical variational theory46,47(CVT) approach, which locates
the dividing surface between reactants and products at a point
s*,CVT(T) along the reaction-path that minimizes the generalized
TST rate constants,kGT(T,s), for a given temperatureT.
Thermodynamically, this is equivalent to locating the transition

CCSD(T)/cc-pVTZ//(R-U)MP2/6-31G(d,p)

CCSD(T)/AUG-cc-pVTZ//(R-U)MP2/6-31G(d,p)

B3LYP/AUG-cc-pVTZ//B3LYP/cc-pVTZ

Va
G(s) ) VMEP(s) + εint

G(s) (1)

κ(s) ) (∑[Bk,F(s)]
2)1/2 (2)
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state at the maximum∆GGT,°[T,s*,CVT(T)] of the free energy of
activation profile∆G(T,s).46,47 Thus, the thermal rate constant
will be given by

with kB being Boltzmann’s constant,h being Planck’s constant,
σ being the symmetry factor (the number of equivalent reaction-
paths, which were assumed to be 3 and 2 for the forward and
reverse reactions, respectively), andK° being the reciprocal of
the standard-state concentration, taken as 1 molecule cm-3.

In the present work, we used the general polyatomic rate
constants code POLYRATE.48 The rotational partition functions
were calculated classically, and the vibrational modes were
treated as quantum-mechanical separable harmonic oscillators,
with the generalized normal modes defined in redundant
curvilinear coordinates.49,50The chosen curvilinear coordinates
were all the possible bond lengths and bond angles. The
advantage of curvilinear coordinates (nonlinear functions of
Cartesian coordinates) over rectilinear ones (linear functions of
Cartesian coordinates) is that, in some cases, the lowest bending
frequencies had unphysical imaginary values over a wide range
of the reaction coordinate using rectilinear coordinates, whereas
these frequencies were real over the whole of the reaction-path
using curvilinear coordinates. This behavior has been verified
in the title reaction and other hydrogen abstraction reactions.51-53

In calculating electron partition functions, we included the spin-
orbit splitting of O(3P), which is 158.26 and 226.98 cm-1 for
3P1 and3P0 relative to3P2. We also included the two electronic
states for the OH product in the calculation of its electronic
partition function, with a 140 cm-1 splitting. We also consider
the tunneling contribution. As we have information only on the
reaction-path, centrifugal-dominant small-curvature tunneling
(SCT)51 is used. Methods for large-curvature cases have been
developed,55 but they require more information about the PES
than was determined in the present study. Finally, the total rate
constant is obtained from the sum of the calculated rate constants
for the 3A′ and3A′′ surfaces.

3. Results and Discussion

3.1. Structures and Vibrational Frequencies.On the two
PESs (3A′ and3A′′) the reaction of the O atom with ammonia
proceeds via a saddle point and a hydrogen-bonded complex
(HBP) in the product channel. The optimized geometries and
harmonic vibrational frequencies of reactants and products are

listed in Table 1, and those of the saddle points (3A′ and3A′′)
and HBP are listed in Table 2. With respect to the experimental
geometries of reactants and products, the CCSD(T) and B3LYP
methods overestimate the bond lengths, while the MP2 level
reproduces these geometries better. With respect to the harmonic
frequencies, the behavior is the reverse. Thus, the CCSD(T)
and B3LYP methods agree with the experimental values, while
the MP2 level is an overestimate. However, the differences
found at this level balance out between reactants and products.

Next we consider the saddle point, whose geometrical
structure, NH3O, is shown in Figure 1. When the O(3P)
approaches the NH3 with Cs symmetry, we obtain two electronic
states of symmetries3A′ and 3A′′ with different energies (see
below): the3A′ with the half-filled p-orbital in the NH1O plane,
and the3A′′ with the half-filled p-orbital perpendicular to the
plane. For the3A′ surface, the length of the bond that is broken
(N-H1) increases by 19%, 21%, and 25%, at the MP2, CCSD-
(T), and B3LYP levels, respectively, and the length of the bond
that is formed (H1-O) increases by 21%, 20%, and 19%,
respectively. In all cases, these results indicate that the barrier
is almost centrally located, as expected for a weakly endothermic
reaction. At the three levels, the saddle point presents a “bent”
structure, that is, an N-H1-O angle different from 180°. The
saddle point at each level was identified with one negative
eigenvalue of the respective Hessian matrix and, therefore, one
imaginary frequency. The MP2 method (1724i cm-1) presents
an absolute value greater than that of the B3LYP method (1456i
cm-1). It is noteworthy to point out that, at the CCSD(T) level,
an SCF convergence in energy was not found and, hence,
vibrational frequencies could not be determined either. The fact
that the GAUSSIAN 94 program package computes numerical
(and not analytical) second derivatives at this level might
account for this divergence. Several trials with different step
sizes (from 0.01 to 0.0001 Å) for the numerical second-
derivative calculations did not improve this situation.

For the3A′′ saddle point, the length of the bond that is broken
(N-H1) increases by 21%, 21%, and 25% at the MP2, CCSD-
(T), and B3LYP levels, respectively, and the length of the bond
that is formed (H1-O) increases by 20%, 20%, and 19%,
respectively, indicating in all cases that the barrier is also almost
centrally located, as in the3A′ saddle point. At the three levels,
the saddle point also presents a “bent” structure, with angles
from 144.4° to 150.5°. Therefore, the3A′′ saddle point is more
“bent” than the3A′ one. The imaginary frequency is 1304i and
1416i cm-1, at the MP2 and B3LYP levels, respectively.

TABLE 1: Reactant and Product Properties

NH3 NH2 OH

MP2a CCSD(T)b B3LYPc MP2a CCSD(T)b B3LYPc MP2a CCSD(T)b B3LYPc

Geometryd

R(NsH) 1.011 1.027 1.014 1.023 1.041 1.028
∠(HNH) 106.1 103.5 106.4 102.7 100.6 102.7
R(OH) 0.971 0.980 0.974

Frequenciese

3724(e) 3561(e) 3573(e) 3596 3415 3433 3846 3704 3699
3566 3434 3454 3480 3319 3344
1728(e) 1686(e) 1677(e) 1596 1564 1542
1121 1181 1067

ZPEf 22.3 21.6 21.5 12.4 11.9 11.9 5.5 5.3 5.3
TCg 1.8 1.8 1.8 1.8 1.8 1.8 1.5 1.5 1.5

a MP2)FULL/6-31G(d,p) level.b CCSD(T)/cc-pVDZ level.c B3LYP/cc-pVTZ level.d In angstroms and degrees. Experimental values are as
follows.56 NH3(C3V): 1.012, 106.7. NH2(C2V): 1.02, 103.4. OH(C∞V): 0.971.e In inverse centimeters. Experimental values are as follows.56 NH3:
3577(e), 3506, 1691(e), 1022. NH2: 3220, 3173, 1497. OH: 3735.f Harmonic zero-point energy, in kilocalories per mole; the harmonic ZPE is
one-half the sum of the frequencies for the bound modes.g Thermal corrections at 298 K.

kCVT(T) ) σ
kBT

h
K° exp[-∆G(T,s* ,CVT)/kBT] (3)
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To get a clearer view of the3A′ and3A′′ surfaces, we have
carried out electron calculations at the MP2/6-31G(d,p) level,
varying the angle N-H1-O in relation to its respective
optimized saddle point geometry. Figure 2 shows the calcula-
tions of the PESs inCs symmetry, where all values (angles and
energies) are referred to the most stable3A′′ structure, and the
internuclear distances,d(N-H1) andd(H1-O), are fixed. The
two surfaces cross at a N-H1-O angle of 169.4°, and thus,

the dynamics for the3A′ and3A′′ surfaces could be calculated
independently.

Finally, another stationary point is located in the exit channel.
It is characterized as a hydrogen-bonded complex (HBP) with
a bond distance (N‚‚‚H1) of 2.024 and 1.960 Å at the MP2 and
B3LYP levels, respectively. The stretching frequency of HO
(3846 cm-1 at the MP2 level) is shifted to a lower frequency
by 130 cm-1, and it increases in intensity from 7.32 to 266.6
km mol-1. At the B3LYP level, the behavior is similar.

3.2. Energy Properties.Table 3 summarizes the energy and
enthalpy changes of all the stationary points relative to the
reactants at various levels.

First, we analyze the enthalpy of reaction, which can be
obtained from the reactant and product enthalpies of formation
at 298 K. However, the NH2 radical presents a lack of
coincidence between proposed experimental values, varying
between 44.0( 2.3 kcal mol-1 (ref 58) and 48.1( 3.5 kcal
mol-1 (ref 59), and the JANAF tables56 recommend 45.5( 1.5
kcal mol-1. Due to this lack of coincidence, we calculated this
enthalpy of formation using very high ab initio levels57 and
proposed a value of 43.8( 0.6 kcal mol-1. Using this value,
the reaction enthalpy for the title reaction at 298 K is 4.5 kcal
mol-1. The MP2 level and level 3 (B3LYP method) yield strong

TABLE 2: Saddle Point and Hydrogen-Bonded Product Complex Propertiesa

SP(3A′) SP(3A′′) HBP

MP2 CCSD(T) B3LYP MP2 CCSD(T) B3LYP MP2 CCSD(T) B3LYP

Geometry
R(NH1) 1.200 1.243 1.266 1.220 1.245 1.266 2.024 1.960
R(OH1) 1.175 1.173 1.155 1.166 1.181 1.163 0.978 0.985
∠(NH1O) 159.5 161.9 165.9 144.4 146.0 150.5 180.0 180.0
R(NH) 1.020 1.036 1.022 1.020 1.034 1.021 1.021 1.025
∠(H1NH) 103.3 100.0 104.5 106.1 102.8 107.6

Frequencies
3631 3500 3644 3511 3716 3497
3517 3405 3535 3423 3630 3474
1630 1796 1662 1586 3512 3380
1600 1560 1513 1327 1595 1536
1300 1145 1222 1069 601 609
847 760 882 762 554 534
586 560 528 469 211 194
513 490 506 429 192 166
1724i 1456i 1304i 1416i 165 157

ZPE 19.5 18.9 19.3 18.0 20.3 19.4
TC 2.1 2.1 2.1 2.2 3.1 3.1

a As in Table 1. H1 is the transferred atom (see Figure 1).

Figure 1. Definition of internal coordinates at the intermediate
stationary points.

Figure 2. Energy profile for the3A′ and3A′′ potential energy curves
with respect to their minima at the MP2/6-31G(d,p) level. For these
calculations, the other internal coordinates were fixed at their respective
values in the minimum. The zero value on thex-axis corresponds to
the N-H1-O angle of the3A′′ saddle point.

TABLE 3. Energy and Enthalpy Changes Relative to
Reactants (kcal mol-1) at Various Levels

SP(3A′) SP(3A′′) HBP Pa

∆Eb 21.4 19.2 6.1 13.4
16.1 15.0 3.5 9.9
15.1 13.9 2.7 8.8
5.8 4.3 -1.0 4.9

∆H(0 K) 18.6 16.2 4.1 9.0
13.3 12.0 1.5 5.5
12.3 10.9 0.7 4.4
3.0 1.3 -3.0 0.5

∆H(298 K) 17.2 14.9 3.7 8.8
11.9 10.7 1.1 5.3
10.9 9.6 0.3 4.2
1.6 0.0 -3.3 0.3

a Products. The experimental enthalpy of reaction value (298 K))
4.5 kcal mol-1, from the following enthalpies of formation: NH3,
-10.98 kcal mol-1 (ref 56); O, 59.57 kcal mol-1 (ref 56); OH, 9.3
kcal mol-1 (ref 56); NH2, 43.8( 0.6 kcal mol-1 (ref 57). b For each
magnitude, the first row corresponds to the MP2 level; the second to
level 1, the third to level 2, and the last to level 3.
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overestimates and underestimates, respectively, for this value.
Thus, these levels are not adequate to represent the energetics
of this reaction. Level 1 slightly overestimates the enthalpy of
reaction, while level 2 yields the best agreement with the
experimental data.

With respect to the barrier height, a direct comparison of
theory with experiment is not possible. As we raise the
calculation level (MP2f level 2), the barrier height is lowered
drastically (by 5.3 kcal mol-1), and in accordance with the
behavior for the enthalpy of reaction, we take level 2 as the
highest level in this work. At this level 2, the3A′′ saddle point
is 1.2 kcal mol-1 more stable than the3A′ one, and this tendency
between the3A′ and 3A′′ surfaces is reproduced at all levels.
Note that level 3 (B3LYP) yields a barrierless reaction at 298
K on the3A′′ surface.

Finally, at level 2 the HBP is 6.1 kcal mol-1 (3.9 kcal mol-1

at 298 K) more stable than the products. In summary, there are
three pieces of evidence that justify the nature of this hydrogen-
bonded complex: the geometric length of N-H1 (2.024 Å), the
stability (3.9 kcal mol-1 relative to products), and, finally, the
shift to lower values of the stretching frequency of the OH
radical (the proton donor). These results are the typical behavior
of hydrogen bond systems.

3.3. Reaction-Path Analysis.The reaction-path analysis is
carried out on the information at the MP2/6-31G(d,p) level
(energies, gradients, and Hessians) for the3A′ and3A′′ surfaces.
The two surfaces present similar behavior, and further discussion
in this paper will refer only to the3A′′ surface. Figure 3 shows
the classical energy along the MEP,VMEP, the ground-state
vibrationally adiabatic potential energy curve,∆Va

G, and the
change in the local zero-point energy,∆ZPE, as a function of
s over the range-1.0 to+1.0 bohr. Note that∆Va

G and∆ZPE
are defined as the difference between these magnitudes atsand
their values for the reactants.

The vibrational frequencies along the MEP are shown in
Figure 4. The mode related to the breaking (N-H1)/form-
ing(H1-O) bonds drops dramatically near the saddle point
(reactiVe mode). This mode presents a widening of the
vibrational well, an effect which has been found in other
reactions with a small skew angle.24,28,60 The two lowest

vibrational frequencies along the reaction-path (transitional
modes) correspond to the transformation of free rotations or free
translations of the reactant limit into real vibrational motions
in the global system. Their frequencies tend asymptotically to
zero at the reactant and product limits and reach their maximum
in the saddle point zone. Therefore, in the saddle point region,
the behavior of these transitional modes only partially com-
pensates the fall in the ZPE caused by the reactive mode, and
as a result the ZPE shows noticeable changes withs (Figure
3).

Further analyzing the reaction valley, the curvature term (κ)
of the reaction-path as a function ofs is plotted in Figure 5,
which permits us to give a qualitative analysis of the vibrational
excitation of reactants and products. There are two peaks, one
on the reactant side, which has a value of 3.03 au ats ) -0.18
bohr, and one on the product side of the saddle point, which
has a value of 2.32 au ats ) +0.18 bohr. The first is due to
strong coupling of the reaction-path to the NH3 reactive stretch
(Bk,F ) 1.50 au) and umbrella (Bk,F ) 2.60 au) modes. Excitation

Figure 3. Classical potential energy curve (VMEP), zero-point energy
(∆ZPE), and vibrationally adiabatic potential energy curve (∆Va

G) with
respect to the reactants as a function ofs.

Figure 4. Generalized normal-mode vibrational frequencies plotted
versuss.

Figure 5. Curvature of the reaction-path (κ factor) as a function ofs.
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of these modes might be expected to enhance the forward
reaction rates. The second peak is in the exit channel and is
lower than the first. It is due to the coupling of the reaction-
path to the OH stretch (Bk,F ) 1.09 au) and the NH2 bend (Bk,F

) 2.00 au) modes. This might be an indication that the OH
stretching and the NH2 bend modes could appear vibrationally
excited. However, because of the stability of the hydrogen-
bonded complex (HBP) formed, the system remains in the
complex situation for a certain time before evolving to the
separated products. In this short lifetime of the bonded complex,
there is a transfer of energy between several modes, diminishing
the OH and NH2 excitations. When the system finally escapes
from the well, this randomization of the energy will lead to
OH and NH2 excitations smaller than those in other direct
reactions without the possibility of such an effective randomiza-
tion. Unfortunately, a comparison with experiment is not
possible.

3.4. Improved Reaction-Path.The poor agreement obtained
with the MP2 level (see section 3.2 and Table 3) means that
we have to optimize our ab initio reaction-path. In the following,
we shall describe three methods to improve the reaction-path,
which have already been used in other hydrogen abstraction
reactions.23,24,61

Approximation 1: To lower the height of the barrier while
maintaining the shape of the original MP2 curve [recall that
the only reaction-path calculated had been at the MP2/6-31G-
(d,p) level], we scale the MP2 curve regularly by a factor

where∆E is the variation of energy at each level with respect
to the reactants. At the saddle point,s ) 0, the barrier height is
that of the highest level, level 2. This factor is 0.707 and 0.724
for the 3A′ and3A′′ surfaces, respectively.

Approximation 2: An alternative is to use the following
scaling:

However, if the difference between the highest level and the
MP2 values is large, it may happen that the scaled energy at
some points close to the reactants or products is less than that
of the minimum, with the appearance of fictitious minima. This
is the case in this reaction at the entry channel. To avoid this
problem, we take the level 2 energy close to the minima.

Approximation 3: The two previous approximations are based
on the saddle point energy only, whereas in this approximation
we use the VTST-ISPE (variational transition state theory with
interpolated single-point energies) method,61 in which a few
extra energies calculated with a higher level theory along the
lower level reaction-path are used to correct the classical energy
profile of the reaction. In this case, we use the saddle point and
two extra points near the saddle point using the highest level,
level 2.

Figure 6 shows the classical energy along the MEP at the
MP2 level, approximation 1 (MP2*F), approximation 2 (MP2-
scaled), and approximation 3 (ISPE), with respect to the
reactants for the3A′′ reaction-path. Approximation 1 lowers the
barrier height while retaining the shape of the original curve,
while approximation 2 also lowers the barrier height but yields
a thinner barrier and, consequently, a larger tunneling effect.
Approximation 3 shows an intermediate behavior.

3.5. Rate Constants.In the canonical version of VTST, CVT,
the dividing surface is varied along the reaction-path to minimize

the rate constants, obtaining the generalized transition state
(GTS) at the values*. Thermodynamically, the minimum rate
constant criterion is equivalent to maximizing the generalized
standard state free energy of activation,∆GGT,°(T,s), eq 3.
Therefore, the effects of the potential energy, entropy, and
temperature on the location of this GTS must be considered. In
the present case, the bottleneck properties of the reaction, based
on the CVT approach, show that the location of the GTS is
very close to the saddle point: from 0.010 to 0.019 bohr for
the 3A′ surface and from-0.060 to-0.012 bohr for the3A′′
surface over the temperature range 500-2000 K, respectively.
Thus, the variational effects, that is, the ratio between variational
CVT and conventional TST rate constants, are very small.
Therefore, for this reaction the energy contribution dominates
over the entropy contribution, even at high temperatures.

Figure 7 shows the total rate constants for the NH3 + O(3P)
reaction over the temperature range 500-2000 K for the three
approximations used in this paper to scale the MEP, together
with the experimental values from Perry11 (at intermediate

F ) ∆E(MP2,s ) 0)/∆E(level 2,s ) 0) (4)

Escaled,s ) ∆E(MP2,s) + [∆E(level 2,s ) 0) -
∆E(MP2,s ) 0)] (5)

Figure 6. Potential energy curves calculated at several approximations.

Figure 7. Arrhenius plot of logk (cm3 molecule-1 s-1) against the
reciprocal of the temperature (K) in the range 500-2000 K. Experi-
mental values (crosses) are from ref 11 (at intermediate temperatures,
500-1000 K) and from ref 14 (at high temperatures, 1500-2000 K).
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temperatures, 500-800 K) and from Salimian et al.14,16(at high
temperatures, 1000-2000 K). Note that, taken independently,
the two experimental data sets11,14,16show linear Arrhenius plots,
but as can be seen in Figure 7, taken simultaneously these data
show a small curvature. Our three approximations show
curvature in the Arrhenius plot, which is the expected behavior
in a reaction with a heavy-light-heavy mass combination.
Approximations 1 and 3 practically coincide over the whole
temperature range (with a maximum difference of 10% at 500
K) and show reasonable agreement with experiments over all
the temperature ranges. Approximation 2 presents a narrower
reaction-path shape, with the consequent overestimate of the
tunneling effect at lower temperatures. Table 4 lists the phen-
omenological activation energies computed as local slopes of
the Arrhenius plot for the forward reaction using approximation
1. The activation energy can be obtained from total rate constants
through the usual definition

which is equivalent to determining the slope of the plot in Figure
7. As the temperature increases, the activation energy also
increases, which is the typical behavior for a reaction with
curvature in the Arrhenius plot. At intermediate temperatures
(500-1000 K), the theoretical result is close to the more recent
experimental value of Perry.11 At high temperatures (1500-
2000 K), the theoretical result strongly disagrees with the
experimental result of Salimian et al.14

Finally, to make a quantitative estimate of the role of the
tunneling in the curvature of the Arrhenius plot, we fitted the
results to a three-term expression of the typeATm exp(-B/T).
The resulting equation is

4. Conclusions

The present work has attempted to shed some light on the
hydrogen abstraction NH3 + O(3P) reaction, which is important
in combustion and atmospheric chemistry. Experimentally, the
curvature in the Arrhenius plot is still an open question. The
present calculations show that tunneling plays an important role
in this reaction and, therefore, a noticeable curvature can be
expected in the Arrhenius plot. These theoretical results suggest
that further experimental research over a wide temperature range
is necessary to validate the hydrogen abstraction mechanism in
the 500-2000 K range.

With respect to the stationary points, the3A′ and3A′′ saddle
points withCs symmetry are “bent”, with N-H1-O angles of
159.5° and 144.4°, respectively. The enthalpy of reaction and
the barrier height strongly depend on the level of calculation
and basis set, and to reproduce the experimental data (enthalpy
of reaction), highly correlated wave functions and very large

basis sets are necessary, with the consequent high computational
costs. At the highest level used in this work, the3A′′ saddle
point is 1.2 kcal mol-1 more stable than the3A′ saddle point.

We qualitatively showed that vibrational excitation of the NH3

stretch and bend modes might be expected to enhance the
forward rates and that the OH stretch and NH2 bend modes
could appear vibrationally excited. However, this excitation
energy is randomized because of the time that the system exists
as a hydrogen-bonded complex before evolving to separated
OH and NH2 products. As a consequence, the OH stretch and
NH2 bend modes will be less excited than those in other direct
reactions.
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