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Abstract An ab initio interpolated potential energy surface
for the hydrogen abstraction and exchange reactions between
ammonia and a hydrogen atom is reported. The interpola-
tion is constructed over a set of data points calculated at the
unrestricted coupled cluster approximation, using single and
double excitations, and including the triple excitations non-
iteratively. New data point selection methods were used to
improve the convergence and accuracy of the interpolated
surface.

Keywords Potential energy surface · Reaction dynamics ·
Interpolation ·Ammonia

1 Introduction

The hydrogen abstraction reaction

NH3 + H → NH2 + H2 (1)

and its reverse,

NH2 + H2 → NH3 + H (2)

have been subjects of interest in dynamics because of their
role in different processes in the chemistry of ammonia, par-
ticularly in the thermal decomposition [1–10]. The investi-
gation of these reactions has also been pursued to establish
relationships with analogous hydrogen abstraction systems,
some involving molecules isoelectronic with NH3 like CH4,
H2O and HF [7,8,11–14], or isotopic variants [7,8,11] such
as

ND3 + D → ND2 + D2, (3)

and the exchange reaction:

NH3 + D → NH2D + H. (4)
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This system is also of particular theoretical interest because
it includes the formation of a “Rydberg” radical,

NH3 + H → NH4, (5)

which takes place over a barrier (see e.g. Refs. [15–19], and
references cited therein). The presence of a deep minimum
in the potential energy surface (PES) for NH4 is an unusual
feature in comparison with the isoelectronic CH5 and OH3
systems. This species is an intermediate in the exchange reac-
tion

NH3 + H′ → NH4 → NH2H′ + H (6)

that can compete with reaction (1). Exchange reactions via
deep intermediate wells have been predicted for ion-molecule
collisions [20], but such reactions might not involve a barrier.
Hence, from a theoretical viewpoint, the collision between H
and NH3 is unusual in that an abstraction reaction competes
with an exchange reaction, which has a low barrier and a deep
intermediate.

This paper reports a global high-level ab initio PES for the
dynamical study of these competing reactions. Previously,
the PES for this system has only been characterized in the
vicinity of the reaction path for reactions (1) and (2). The
main focus of both theoretical and experimental research on
this system has been to determine the reaction rates of (1)
and (2) over increasingly wider temperature ranges and to
analyze the observed non-Arrhenius behavior [1–14,21–28].
The available theoretical rate coefficients for these reactions
in the ground electronic state have been determined within the
framework of transition state theory (TST), variational transi-
tion state theory, and related models. The information about
the PES required to apply those models has been obtained
through a range of semiempirical and ab initio methods com-
prising the unrestricted Hartree Fock (UHF) method in the
papers by Cardy et al. [22] and Leroy et al. [12]; Möller–
Plesset perturbational methods, MP2, and MP4 (as reported
by Barreto et al. [21]), and the spin projected variants, PMP.
The perturbational methods were used along with empiri-
cal corrections such as the bond additivity correction (BAC)
by Garret et al. [11]; or the scaling of all the correlation
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energy (SAC4/A1) applied by Corchado and Espinosa-Gar-
cia [24–26]. Other potential energy surface calculations for
TST based rates have been performed by Mebel et al. [28]
using the G2M method, and by Henon and Bohr [27] using
the CASPT2 and MRSDCI approximations. An analytical
form of the PES, designed to describe reactions (1) and (2)
only, has been reported by Corchado and Espinosa-Garcia
[23]. This surface was fitted to a combination of experimen-
tal reaction energies, enthalpies and vibrational frequencies
with theoretical vibrational frequencies and energy for the
transition state for reactions (1) and (2) only.

In this paper, we report two accurate PES for the dynam-
ics of processes (1) to (6), constructed by interpolation of ab
initio ground state energies, energy gradients and Hessians.
The molecular configurations which form the interpolation
data set for the PES are scattered over the energetically acces-
sible regions, including the minimum energy paths (MEP) for
these reactions and the NH4 minimum. Reaction cross sec-
tions have been calculated for the classical dynamics of the
reactions above. However, the classical simulations mostly
serve to emphasize the need for accurate quantum dynamics.
The provision of an accurate global PES for this system may
facilitate such calculations.

Section 2 of this paper presents the methodology and
computational details. Section 3 examines the convergence
and some characteristics of the PES, and Sect. 4 reports the
classical dynamics results. Finally, a discussion and a sum-
mary of this work are presented in Sect. 5.

2 Methods and computational details

2.1 Form of the PES

The PES is calculated by an iterative interpolation method
whose details have been presented elsewhere [29–32]. The
general form of the PES is

E(Z) =
∑

g∈G

Ndata∑

i=1

wgoi(Z)Tgoi(Z), (7)

where a number Ndata of local Taylor expansions Ti of the
energy, around certain molecular configurations, Z(i), are
combined as a weighted average. The Ndata molecular con-
figurations associated with the Taylor expansions are known
as the “data set”. The expansions are evaluated from ab initio
calculation of the energies and up to energy second deriva-
tives at each of the data set configurations. Each expansion is
expressed in terms of a geometry-specific set of 3N -6 inde-
pendent coordinates which are linear combinations of the in-
verse interatomic distances, Z=Z1, . . . , Zk, . . . , ZN(N−1)/2,
where Zk = 1/Rk . The sum over g ∈ G in Eq. (7) represents
a sum over the symmetry group of the molecule, the complete
nuclear permutation (CNP) group: if Z(i) is a data point, then
a permuted configuration, g ◦ Z(i) (abbreviated to g ◦ i) is
also a data point. No additional ab initio calculations are re-
quired to evaluate the Taylor series coefficients at g ◦ Z(i),

and by including all equivalent molecular configurations in
Eq. (7), the PES has the correct invariance to permutation of
indistinguishable nuclei {E(g ◦ Z) = E(Z)}.

The weights wi in Eq. (7) are functions of the distance
coordinates Z with respect to the data point configuration
Z(i). They also depend on estimated “confidence lengths” for
each data point [29,30]. The confidence lengths for this PES
were evaluated using an energy tolerance,Etol = 0.53 kJ/mol,
and energy gradients at M = 100 data points (see Ref. [29]
for definitions of Etol and M).

2.2 Iterative development of the PES

The construction of the PES and the classical trajectory sim-
ulations were performed with the program suite Grow [30].
The initial set of molecular configurations for the PES con-
tained the stationary points associated with NH4, NH3 + H,
NH2 + H2, and the transition state geometries for abstrac-
tion and exchange, represented in Fig. 1. The initial set also
included 12 intermediate geometries along the MEP for reac-
tion (1), and 11 points along a dissociation path for NH4 into
the fragments NH3 + H. From this initial data, points are
added one by one to the data set following an iterative proce-
dure. At periodic intervals in this iteration, large scale classi-
cal trajectory simulations are performed to estimate reaction
cross sections and other observable quantities, based on the
current data set. The PES is taken to be converged when the
calculated cross sections do not change with an increase in
the number of data points.

The selection of additional data points at each iteration
proceeds as follows. Classical trajectories are run to simulate
the reaction [using the PES of Eq. (7)] and new data points
are taken from the regions of the configuration space covered
by those trajectories, using the standard criteria known as the
“variance sampling” [32], and the “ h-weight sampling” [30,
31,33]. In addition, two recently proposed sampling proce-
dures were employed to accelerate the convergence of the
interpolated PES; involving the local maximization of the
variance, and direct sampling of the interpolation error at four
configurations in each iteration [34]. These two new criteria
for selecting data points were found to result in accelerated
convergence in this system.

The interpolated PES was grown from the initial set of
data points to 2000 data points. The trajectories at each itera-
tion were initiated at the transition state geometry of abstrac-
tion for 100 iterations, otherwise, for an equal number of
iterations, from NH2 + H2, and from NH3 + H.

2.3 Ab initio methods

The MEP, energy minima and zero point vibrational ener-
gies (ZPVE), and the classical potential barriers for Eqs. (1)
and (2) have been calculated previously by several ab initio
methods. The calculations performed at CCSD(T) level by
Kraka et al. [14] are among the most accurate available to
date. For the ammonium radical Rydberg ground state, the
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Fig. 1 The geometries of stationary configurations relevant to reactions
(1)-(6) are shown. Geometries for the H2, NH2, NH3, and NH4 sta-
ble molecules resulted from UCCSD(T)/aug-cc-pVDZ geometry opti-
mizations, while the NH2 · · · H2 transition state was calculated at the
CCSD(T)/[5s4p3d/4s3p] level by Kraka et al. [14] . The NH4 transition
state was optimized at the MP2/aug-cc-pVTZ level of theory

CCSD(T)/aug-cc-pV5Z results by Sattelmeyer et al. [35] are
the highest level of optimizations reported.

In order to select the ab initio method for the interpolated
PES, we computed the energy differences between all the
relevant stationary geometries related to the dynamics with
a range of methods and basis sets. According to the previous
quantum chemistry calculations for this system, the geom-
etries are more reproducible than the energetics for a range
of ab initio methods. To compare the energetics for different
basis sets and levels of theory, the molecular geometry was
fixed as follows: The NH2 · · · H2 transition state geometry
is that found by Kraka et al. [14], structure II of Fig. 1; the
saddle point for the exchange reaction (also the saddle point
for forming NH4) is that of structure III of Fig. 1, found by
optimization at the MP2/aug-cc-pVTZ level. The remaining
structures were optimized at the UCCSD(T)/aug-cc-pVDZ
level. Table 1 shows the relative energies calculated here in
comparison with those of other authors.

From Table 1, we see that the MP2 level of theory is
inaccurate, while UQCISD is much closer to the most reli-
able level of theory, UCCSD(T)/aug-cc-pV5Z. The classi-
cal barrier height for reaction (1) is estimated to be about
63 kJ/mol from the UCCSD(T)/aug-cc-pV5Z calculation.The
published literature values for this barrier height include an
MRCI/SANO value of 66.1 kJ/mol [27], a CCSD(T)/

[5s4p3d2f1g/4s3p2d1f] value of 64.4 kJ/mol [14], a HF/BAC-
MP4 value of 71.5 kJ/mol [11], and a value of 65.9 kJ/mol for
a minimum energy path potential constructed by Corchado
and Espinosa-Garcia. Table 1 shows that the most reliable
value of 63 kJ/mol is reproduced within 2 kJ/mol with the
smaller aug-cc-pVDZ and aug-cc-pVTZ basis sets (62.4 and
61.4 kJ/mol, respectively).

The barrier height for the exchange reaction (6), is most
reliably estimated by the UCCSD(T)/aug-cc-pV5Z value of
38.9 kJ/mol. The authors have not been able to find any esti-
mate of this barrier height in the literature. The UCCSD(T)/
aug-cc-pVDZ value overestimates the barrier height by about
3 kJ/mol, but this error is reduced to just 1.3 kJ/mol with the
aug-cc-pVTZ basis set. The inclusion of diffuse basis func-
tions is necessary to obtain reliable values for this barrier
height and the energy of the nearby “Rydberg minimum”.
Again, Table 1 shows that the most reliable energy for the
NH4 minimum (−10.1 kJ/mol) is reproduced within 2 kJ/mol
with an aug-cc-pVDZ basis, and even more accurately with
the aug-cc-pVTZ basis.

Table 1 shows that the energy of the products of reaction
(1) (at the equilibrium geometry) is most reliably estimated to
be 23.9 kJ/mol higher than that of the reactants. The change in
enthapy for this reaction, at zero Kelvin, can be estimated by
adding the change in ZPVE to this value. To obtain a reliable
estimate of the ZPVE of each species, we have assumed the
vibrational energy levels of each mode can be approximated
by

E(n) = ωe

(
n + 1

2

)
− ωexe

(
n + 1

2

)2

(8)

The anharmonicity parameter ωexe is taken to be 121 cm−1

for H2, and estimated at 80 cm−1 for the stretching modes
and zero for the bending modes. Setting the experimental
vibrational frequencies [36] to ωe − 2ωexe provides an esti-
mate of the ZPVE for each mode. The net decrease in ZPVE
for reaction (1) is thus estimated to be 13.1 kJ/mol. Using
the most reliable value of 23.9 kJ/mol for �ER, gives an
estimated �H (0 K) value of 10.8 kJ/mol. The experimen-
tal value for �H (0 K), 16.2 ± 6.3 kJ/mol, has a significant
uncertainty, mainly due to disagreement about the heat of
formation of the NH2 radical. Corchado and Espinosa-Gar-
cia [23] have argued, on the basis of high level ab initio
calculations, that �H (0 K) = 8.8 ± 3.3 kJ/mol. Our calcu-
lations support the view that �H (0 K) is near the lower limit
of the experimental range. The smaller basis set calculations,
UCCSD(T)/aug-cc-pVDZ and UCCSD(T)/aug-cc-pVTZ,
give similar but slightly smaller values of 7.9 and 8.2 kJ/mol,
respectively, in agreement with the value suggested by Cor-
chado and Espinosa-Garcia [23].

The PES interpolation formula requires first and second
derivatives of the energy, calculated here by finite differences
in the energy. Since several thousand single point energies are
required for the PES, we have adopted the UCCSD(T)/aug-
cc-pVDZ method to calculate the surface, denoted below
as PES1. However, to further improve the reliability of the
surface, a second PES has been constructed wherein the
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Table 1 Energy differencesa in kJ/mol between stationary points for various ab initio methods and basis sets

MP2b UQCISDc UCCSD(T)d UCCSD(T)e UCCSD(T)f CCSD(T)g CCSDh

�ER (1) 51.3 17.0 21.0 21.3 23.9 24.6 –
�ER (6) 0.8 −6.4 −8.3 −10.3 −10.1 – −21.2
�EB (1) 93.4 63.6 62.4 61.4 63.0 64.4 –
�EB (5) 53.4 44.3 41.9 40.2 38.9 – –
a�ER denotes the energy difference between products and reactants. �EB denotes the energy difference between transition state and reactants
b,c,dWith the aug-cc-pVDZ basis set
eWith the aug-cc-pVTZ basis set
fWith the aug-cc-pV5Z basis set, using geometries optimized with aug-cc-VDZ for H2, NH2, NH3, and NH4
gCalculations by Kraka et al. [14] with basis set [5s4p3d2f1g/4s3p2d1f]
hCalculations by Park [18] with a triple zeta basis

energy derivatives at each data point are evaluated at the
UCCSD(T)/aug-cc-pVDZ level, while the energy at each data
point is calculated with a larger basis set, aug-cc-pVTZ. This
surface is denoted as PES2. From the above discussion, it is
clear that both PES1 and PES2 are close to the most reliable
estimates of the PES at the significant stationary points on
the surface. The barrier heights, in particular, are estimated
with comparable or better reliability than in earlier work. No
other global surfaces which describe both abstraction and
exchange are available for more general comparison.

The UCCSD(T) calculations employ a Hartree–Fock
(RHF) wavefunction. Convergence problems were experi-
enced in the RHF calculation of some molecular geometries,
with small to moderate differences found in the RHF energy
for different initial guesses for the wavefunction. In order to
overcome those problems, a routine for automatic selection
of the lower energy RHF state was incorporated in the single
point UCCSD(T) calculations.

The GAUSSIAN98 package [37] was used for the MP2
and the QCISD calculations, and Molpro version 2002.3 [38]
for the UCCSD(T) calculations in this work. All numerical
energy derivatives were evaluated with a finite difference rou-
tine implemented in Grow.

2.4 Classical dynamics

Interpolation data points were selected from samples of molec-
ular configurations generated from classical trajectories. Small
batches of ten trajectories were run for each iteration of the
PES construction procedure to simulate collisions for either
reaction (1) or (2). The trajectories were calculated with a
velocity-Verlet integration algorithm, using a time step size
of 1.0 × 10−17 s, starting with a fragment to fragment cen-
ter of mass separation of 6.61Å. The reactant molecules were
randomly oriented and given zero rotational angular momen-
tum. For H + NH3 collisions, the relative kinetic energy was
generally set at about 91.9 kJ/mol. Since this reaction has
a late transition state, the reactivity of vibrationally excited
molecules was explored by setting the initial vibrational en-
ergy of the NH3 to about 144.4 kJ/mol. For the reverse reac-
tion, the initial vibrational energy was set at 39.4 kJ/mol for
H2 and 65.6 kJ/mol for NH2. For this reaction, the relative
kinetic energy was varied from 210.0 to 262.5 kJ/mol. The
initial atomic velocities and configurations for the reactants

were generated using the efficient microcanonical sampling
method of Schranz et al [39].

Batches of 2500 trajectories for reactions (1) and (2), were
run for several sizes of the interpolation data set in order to
check the convergence. For the complete PES data set, 2500
trajectories for reactions (1)–(5) were performed with vibra-
tional energies of 89.2 kJ/mol for NH3, 65.6 kJ/mol for ND3,
49.9 kJ/mol for NH2, and 26.3 kJ/mol for H2, and a range of
relative kinetic energies of the fragments, in order to calculate
the cross sections for these reactions. The impact parameters
b for these trajectories were sampled randomly from a distri-
bution limited by a maximum exceeding the largest value at
which reaction was obtained with the given initial conditions.
The distributions of b values were such that the probability
of a trajectory having an impact parameter between b and
b + db was proportional to b.

3 Potential energy surfaces

The iterative construction process was carried out until a total
of 2000 data points had been accumulated. The expectation
value 〈S2 − SZ(SZ + 1)〉, where S and SZ denote the total
electronic spin operator for the molecule, and its component
along the z axis, respectively, has an average value for the
data set of 0.00305, with a standard deviation of 0.0048. This
suggests that spin contamination is not a significant problem
over the domain of the interpolated PES.

The convergence and accuracy of the interpolated PES1
surface was investigated as follows. The interpolation er-
ror throughout the relevant region of configuration space
was examined by accumulating a sample of 3231 trajectory
points from collisions between the fragments H + NH3 and
NH2 + H2 under the conditions used to construct the PES.
The UCCSD(T)/aug-cc-pVDZ energies were evaluated for
this sample and compared with the corresponding interpo-
lated values. Figure 2 shows the evolution of the average
interpolation error with the size of the data set. The decrease
in the average interpolation error with data set size indicates
a convergence behavior similar to that observed previously
for other systems. The average interpolation error for the
PES with 2000 points is below 1.70 kJ/mol, which repre-
sents about 0.75% of the energy range of configurations in
the sample considered.
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Fig. 2 The average absolute interpolation error for a random sample of
3231 trajectory configurations is shown as a function of the PES data
set size

The most relevant test of the convergence of the inter-
polation is the stability of observables calculated from the
PES. The variation of the cross sections for reactions (1), (2)
and (4) with the PES data set size is shown in Fig. 3. These
cross sections were calculated from 2500 trajectories. For
reaction (1), the relative kinetic energy of the fragments was
26.25 kJ/mol and the NH3 was initially vibrationally excited
to an energy of 225.75 kJ/mol. For the reverse reaction (2), the
relative kinetic energy of the fragments was 131.25 kJ/mol,
and the vibrational energies of NH2 and H2 were 136.5 and
78.75 kJ/mol, respectively. For reaction (4), the NH3 was
initially given a vibrational energy of 89.3 kJ/mol (approxi-
mately the ZPVE), and the relative translational energy was
set to 131.3 kJ/mol. Clearly, the reaction cross sections are
converged to within small variations for data sets approach-
ing 2000 points.

The energy range covered by PES1 can be inferred from
the energies of the data points, which are distributed as shown
in the histogram in Fig. 4. The maximum in the distribution
occurs at about 132.30 kJ/mol above the energy of NH3 + H,
and the standard deviation is 87.15 kJ/mol. There is a long
tail in the distribution, extending beyond 400 kJ/mol above
the NH3 + H energy.

As indicated in Sect. 2.3, a second PES was constructed
by substituting the energies of each data point of the UCCSD
(T)/aug-cc-pVDZ surface by the corresponding value calcu-
lated at the UCCSD(T)/aug-cc-pVTZ level. To evaluate how
the basis set size affected the shape of the PES, the distri-
bution of the differences between the UCCSD(T) energies
with the aug-cc-pVTZ, and the aug-cc-pVDZ basis sets was
calculated. There is an average difference of 144.93 kJ/mol
between the UCCSD(T) energy values calculated with the

Fig. 3 Cross sections for reactions (1), •, (2), � and (4), ×, as a func-
tion of the PES data set size. The error bars denote plus and minus one
standard deviation expected for 2500 trajectories. The connecting lines
are merely visual aids

Fig. 4 This histogram depicts the distribution of the PES data point
energies, relative to the energy of the separated fragments NH3 + H. A
bin size of 12.63 kJ/mol was used for the histogram. There is a long tail
in the distribution, extending toward energies as high as 1200 kJ/mol,
which has been cut for the sake of presentation

two basis sets. However, only the relative energies on each
surface are relevant to the dynamics. The variation in shape
of the two surfaces is indicated by the fact that the energy
differences between the surfaces has a standard deviation of
6.80 kJ/mol. This should be compared with the energy range
of the data (about 400 kJ/mol) as shown by Fig. 4. Table 1
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Fig. 5 The cross section for reaction (1) for PES1 (•) and PES2 (�) is
shown as a function of the relative kinetic energy of the reactants. The
initial vibrational energy of NH3 was 89.3 kJ/mol. The error bars denote
plus and minus one standard deviation expected for 2500 trajectories

also indicates that the reaction barriers and reaction energies
vary by only a few kJ/mol with this change in basis set.

4 Dynamics of exchange and abstraction reactions

To give a qualitative view of the reaction dynamics on these
surfaces, classical simulations for the collisions of NH3 + H,
NH2 + H2, NH3 + D, and ND3 + D have been performed, as
described in Sect. 2.4.

4.1 Abstraction reactions (1), (2) and (3)

The total cross sections for these reactions are shown in
Figs. 5–7 as functions of the relative kinetic energy of the
reactants. Figure 5 presents the cross section for reaction (1)
when the NH3 reactant has near zero point vibrational energy
(ZPVE≈89.3 kJ/mol). The cross sections are very small, even
when the translational energy is more than 70 kJ/mol above
the classical barrier height. The statistical uncertainty in these
classical cross sections is therefore relatively large. In the
light of this, we cannot definitively distinguish between the
cross sections for PES1 and PES2. Note that the classical
barrier height is about 60 kJ/mol for both PES1 and PES2.
Hence, Fig. 5 indicates that the classical cross sections are
above 0.02Å2 at energies well below the barrier height. No
doubt the substantial ZVPE in NH3 is promoting the reaction
in these classical simulations.

The cross section for the deuterated analogue, reaction
(3), increases with increasing relative kinetic energy in a fash-
ion similar to that seen for reaction (1). Figure 6 presents the
cross section for this reaction on PES1, where ND3 has an

Fig. 6 The cross section for reaction (3), for PES1, is shown as a func-
tion of the relative kinetic energy of the reactants. The initial vibrational
energy of ND3 was 65.6 kJ/mol. The error bars denote plus and minus
one standard deviation expected for 2500 trajectories

Fig. 7 The cross section for reaction (2), for PES1, is shown as a func-
tion of the relative kinetic energy of the reactants. The initial vibrational
energies of NH2 and H2 were 49.9 and 26.3 kJ/mol, respectively. The
error bars denote plus and minus one standard deviation expected for
2500 trajectories

initial vibrational energy of 65.6 kJ/mol, corresponding to its
ZPVE. The cross section for reaction (3) is lower than that
of (1) at the same relative kinetic energy.

Figure 7 shows the reactive cross section for collisions
between NH2 and H2 in which the fragments have near zero
point vibrational energies (49.9 kJ/mol for NH2 and
26.3 kJ/mol for H2). The cross section is about an order of
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Fig. 8 The cross sections for reaction (4), (•), and (5), (�), and NH3 +
D → NH2 +HD, (×), for PES1, are shown as a function of the relative
kinetic energy of the reactants. The initial vibrational energy of NH3
was 89.3 kJ/mol. The error bars denote plus and minus one standard
deviation expected for 2500 trajectories

magnitude larger than that for reaction (1) at the same trans-
lational energy.

4.2 Exchange reactions (4) and (5)

The cross sections for the exchange reactions in D + NH3
and H+NH3 on PES1 are shown in Fig. 8. The cross section
for abstraction, D + NH3 → DH + NH2, is also shown for
comparison. In all reactions, the NH3 fragment has approxi-
mately the ZVPE of 89.3 kJ/mol. No reactive trajectories for
the exchange reaction were observed for a relative kinetic
energy below 42 kJ/mol, which corresponds to the classical
barrier.Although the reaction cross section for H/D exchange
is small, it exceeds that for hydrogen abstraction by a factor
near two. Although the statistical uncertainty in these small
cross section is relatively large, the deuterium exchange reac-
tion (4) appears to have a larger cross section than that for H
atom exchange, (5).

5 Concluding remarks

Two interpolated energy surfaces, denoted PES1 and PES2,
have been constructed for NH4 at the UCCSD(T) level of ab
initio theory. The surfaces were constructed with data point
geometries accumulated from trajectories for the abstrac-
tion reaction (1), the corresponding reverse reaction (2), and
the exchange reaction (5). The configuration space was ex-
plored for reactions involving highly excited reactants, and
translational energies up to about 92 kJ/mol for reaction (1)

and about 260 kJ/mol for reaction (2). The average interpo-
lation error for PES1 is estimated to be about 1.7 kJ/mol
over an energy range of about 226 kJ/mol. PES2 was con-
structed from PES1 by replacing the data point energies by
values obtained with a larger basis set. Although the two
surfaces are quantitatively different, the resultant classical
cross sections for the abstraction reaction (1) are very
similar.

The classical simulations reported here indicate that quan-
tum dynamics would be necessary to describe the reaction
cross sections near threshold. These surfaces should be suit-
able for quantum studies of these reactions, including the
reactions of vibrationally excited species. The quantitative
differences between PES1 and PES2 may be more apparent
in quantum scattering at low energy where differences in the
barrier heights would have a significant effect on tunneling.
Given that the surfaces reported here are evaluated from first
principles, with no empirical scaling, exact quantum dynam-
ics is required to complete the comparison between theory
and experiment for reaction cross sections and thermal rate
coefficients. However, for translational energies well above
the threshold, the classical cross sections for abstraction and
exchange have been shown to be accurate in the analogous
H + H2O and H + N2O systems [40,41]. Hence, the cross
sections in Figs. 5–8 at high energy should be directly com-
parable with experimental data (when available).

In addition to the chemical significance of these reac-
tions, this system is of particular theoretical interest because
of the unusual topology of the PES. There is relatively deep
well on the surface associated with a tetrahedral NH4 struc-
ture, which results from the partial Rydberg character of the
electronic ground state. In the isoelectronic OH3 system, the
same electronic effect produces only a very shallow mini-
mum at the top of a high barrier for the exchange reaction.
The “Rydberg effect” is much stronger in NH4, producing
an energy minimum (neglecting ZPVE) below the energy of
the separated species, H + NH3. The barrier to exchange in
H + H2O is near 90 kJ/mol, and only about 40 kJ/mol for
H + NH3. For the competing abstraction reactions, the bar-
riers are about 90 kJ/mol for H + H2O and about 60 kJ/mol
for H + NH3.

For H + H2O, the exchange cross section is about a fac-
tor of 10–20 larger than that for abstraction at energies well
above the (coincidentally) similar barriers to reaction. For
H+NH3, this factor is nearer two, even though the barrier to
exchange is about 20 kJ/mol lower than that for abstraction.
However, it is important to note that these observations, for
H + NH3, are based only on classical dynamics. The quan-
tum effect of the deep “Rydberg” well on the cross section
for exchange in H + NH3 is yet to be discovered.

The software and data for PES1 and PES2 are available
as EMS documents. The Grow software can be provided by
the authors on request.
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