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Summary. The intrinsic reaction-path, reactants, transition state and products 
for the reaction of NH (3S-)+ H2 (tX~) ~ N H 2  (2B1)+ H (2S) involving the 
lowest triplet electronic state of NH3 were calculated using multi-configuration 
(MC) SCF methods. The calculated change of internal energy for the reaction 
of 11.0 kcalmo1-1 agrees with the experimental value within 2kcalmol 1 
The barrier to reaction is 23.4 kcalmol- 1 high. The harmonic MCSCF reac- 
tion-path potential was calculated and canonical variational transition state 
theory calculations of the rate constants performed over a temperature range 
from 400 to 2500 K. The computed rate constants are generally two orders 
of magnitude smaller than those of the comparable reaction of OH with H2, 
whereas those of the reverse reaction are by a factor of 20 larger than those of OH2 
with H. 

Key words: Multi-configuration self-consistent field method - Reaction-path 
energetics - Thermal rate-constants 

1 Introduction 

Theoretical approaches to the dynamics of unimolecular and bimolecular reactions 
in the gas phase [1,2] involving polyatomic molecules are based on Born- 
Oppenheimer potential energy hypersurfaces (PES). Such a PES should describe 
the molecular interaction-potential in regions of the configuration space which 
are accessible by the reacting or rearranging molecules. For reactions near 
threshold conditions it is often assumed that a reaction-path potential [1,2] 
describing the PES in the vicinity of a minimum energy path [3] (MEP) suffices. 
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This assumption is based on the chemical picture that only part or parts of the 
molecules participate in the reaction or rearrangement, whereas other parts remain 
spectators. 

Considerable progress has been made in recent years in the computationally 
efficient and accurate determination of minimum energy reaction-paths for small 
polyatomic molecules using ab initio molecular orbital methods [4]. For a mole- 
cule consisting of N atoms (N < 7) [5], the molecular energy, energy gradients and 
force-constants, V, G and F, can be routinely calculated by ab initio molecular 
orbital methods at a sequence of points on a MEP. The reaction-path potential can 
then be approximated by a second order Taylor-expansion (T denotes the trans- 
pose) 

V(~;s)=V(~o;S)+GE~--~o;S]+~E~--~o;s]TV[~--~o;S] (1) 

in 3N - 6 internal coordinates ~, around configurations on the MEP, paramet- 
rized by a value for the reaction coordinates, s. Such a potential describes - within 
the validity of the ab initio approximation employed - the PES accurately in the 
direction of the reaction-path. However, the accuracy of the potential in the 
transverse directions [1,2] to the path is limited by the magnitude of the 
anharmonicities [5]. A conventionally used coordinate system for determining 
a reaction-path is the massweighted Cartesian coordinates [1, 2], and the corres- 
ponding path of steepest descents is referred as Fukui's intrinsic reaction path 
(IRP) [3]. 

Ab initio methods employed for determining the topology of a surface and the 
MEP for a reaction should be based on a continuous description of the electronic 
wave function for all molecular arrangements. Single reference Hartree-Fock (HF) 
and M011er-Plesset perturbation (MP) theory methods [14] are adequate for the 
partial description of chemical bonding effects in closed shell electronic ground 
states. However, even for these simple cases, most single-configuration reference 
methods fail to describe the breaking of bonds which result in open shell electronic 
states for the fragment molecules [6]. In contrast, multi configuration ab initio 
methods, like multi reference configuration interaction [7] and multi configuration 
self consistent field (MCSCF) [8] methods allow a quantitatively correct descrip- 
tion of the electronic state in the sense that they continuously reflect the change in 
the nature of the electronic state for different nuclear arrangements. A considerable 
advance for the determination of hypersurfaces (such as Eq. (1)) for bimolecular 
reactions is provided by the development of efficient MCSCF molecular energy, 
gradient and Hessian programs [9, 10]. 

We report here the IRP for the reaction [11] 

NH (3X) + H2 (~2g +) --, NH2 (2B~) + H (28) (2) 

calculated with an MCSCF method. This reaction involves the lowest electronic 
state of 3NH3. The harmonic potential, Eq. (1), is evaluated at a dense sequence of 
points on this path and thermal rate-constants are computed using canonical 
variational transition state theory (CVTST) [2]. 

Ground-state 3NH tends to undergo addition toward radical species [12] and 
olefins [13] in the gas-phase, whereas H-abstraction from olefins is highly ineffi- 
cient. Molecular hydrogen and 3NH are chosen in this study as the simplest 
prototype of reactants and as practically important in relation to their possible 
participation in chemical cycles involved in the upper atmosphere. 
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Section 2 describes the ab initio methods used. Section 3 compares the ab initio 
calculated energetics of reaction (2) with the experimental data, and Sect. 4 de- 
scribes the reaction-path rate-constants for reaction (2). Section 5 contains con- 
cluding remarks. 

2 Ab initio method 

A reaction-path for this reaction has been described previously in an ab initio study 
by Fueno et al. [11]. They used the multireference double-excitation configuration 
interaction (MR-DCI) [7] method with a split-valence 4-31G basis set [141 plus 
one set of polarization functions on each atom. The calculated reaction path 
describes repulsive molecular arrangements and leads over a saddle point in which 
all atoms lie in one plane (Cs symmetry). Their calculated change in internal energy, 
AE, for reactants and products overestimates the experimentally inferred value 
[11] by 6.5 kcalmo1-1 

An ab initio method used for calculating the surface (1) for reaction (2) must 
be a compromise between accuracy and computational expense. For achieving 
a qualitatively correct description of the bond-rupture and formation processes, 
the electronic wave function has to describe continuously the change of the 
electronic structure for the molecular arrangements during the reaction. The 
electronic structure changes taking place along the minimum energy-path of 
reaction (2) involve the eight valence electrons of triplet NH3. 

A standard way of choosing a configuration space has been to use a complete 
active space [8] (CAS) wave function and to include in the active space one 
correlating molecular orbital (MO) for each strongly occupied active orbital. 
However, a more quantitative measure for the inclusion of MOs in the correlation 
treatment are their natural orbital occupation numbers (NO). For some cases 
it has been shown that for the simplest choice of a CAS configuration space it 
is necessary to include two correlating orbitals for some of the strongly occupied 
active orbitals [15]. We have tested two choices of active spaces for the CAS 
wave function for the eight valence electrons of triplet NH3, both of which 
asymptotically correlate with a 2-electrons-in-2 MOs CAS for molecular hydrogen. 
These CAS wave functions are constructed by distributing eight valence electrons 
in all possible ways among nine active orbitals (7 a', 2 a" in Cs symmetry) (CAS9) 
resulting in 3780 configuration state functions (CSF), and among a larger 
active space of 9 a' and 2 a" orbitals (CASll) resulting in a CAS wave function 
with 25452 CSFs. In Tables 1-3, The NO are listed for CAS9 and CASll for 
the fragments and the 3NH3 saddle point. These NO are compared with those 
of a spin-unrestricted single-reference second order M¢ller-Plesset (MP2) wave 
function correlating the eight valence electrons (all evaluated for the same 
geometries at the MP2 stationary points). A comparison with the MP2 values 
shows that the CASll approximation consistently includes the correlation of 
the radical electrons for the asymptotes in contrast to the CAS9 approximation. 
In the CAS9 wave function the radical electrons of 3NH (Table 1) are un- 
correlated giving rise to a discontinuous correlation treatment along the minimum 
energy path for reaction (2), as these radical electrons and MOs contribute to 
the NH bonds and correlation of NH2 (Table 2). The CASll wave function 
describes continuously the correlation of those MOs and electrons for both 
asymptotes as well as for the transition complex 3NH 3 at the saddle point 
(Table 3). 
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T a b l e  1. N a t u r a l  o r b i t a l  o c c u p a t i o n  n u m b e r s  in  N H  ( 3 S - ) ~  

J. I s c h t w a n  e t  al. 

I r r e d u c i b l e  r e p r e s e n t a t i o n s  (C2o) 

A c t i v e  M P 2  C A S  11 C A S 9  

o r b i t a l  

n u m b e r s  a t b 1 b 2 a 2 a 1 b 1 b 2 a 2 a 1 b 1 b 2 a 2 

1 1 .978 0 . 9 9 4  0 . 9 9 4  0 . 0 0 3  1 .985  0 . 9 9 5  0 . 9 9 5  - -  1 .991 1.0 1.0 - -  

2 1 .968 0 . 0 0 7  0 . 0 0 7  - -  1 .976  0 . 0 0 7  0 . 0 0 7  - -  1 .979 - -  - -  - -  

3 0 . 0 2 0  0 . 0 0 4  0 . 0 0 4  - -  0 . 0 2 0  - -  - -  - -  0 . 0 1 9  - -  - -  - -  

4 0 . 0 0 9  - -  - -  0 . 0 0 9  - -  - -  - -  0 . 0 0 6  - -  - -  - -  

5 0 . 0 0 6  - -  - -  - -  0 . 0 0 5  - -  - -  - -  0 . 0 0 5  - -  - -  - -  

6 0 . 0 0 3  . . . . . . .  

C a l c u l a t e d  a t  t he  M P 2  o p t i m i s e d  g e o m e t r y  

T a b l e  2. N a t u r a l  o r b i t a l  o c c u p a t i o n  n u m b e r s  in  N H 2  (2B1)a 

I r r e d u c i b l e  r e p r e s e n t a t i o n s  (Czv)  

A c t i v e  M P 2  C A S  11 C A S 9  

o r b i t a l  

n u m b e r s  a I b l  b2 a2 a l  b~ b2 a2 al  b~ b2 a2 

1 1.981 0 . 9 9 3  1 .969 0 . 0 0 5  1 .986  0 . 9 9 5  1 .975 - -  1 .989  0 . 9 9 5  1.981 - -  

2 1 .970  0 . 0 0 7  0 . 0 1 9  1 .975  0 . 0 0 8  0 . 0 2 0  - -  1 .981 0 . 0 0 7  0 . 0 1 9  - -  

3 0 . 0 1 7  0 . 0 0 4  0 . 0 0 7  - -  0 . 0 1 8  - -  0 . 0 0 6  - -  0 . 0 1 7  - -  - -  

4 0 . 0 1 0  0 . 0 0 0 6  0 . 0 0 1 2  - -  0 .011  - -  - -  - -  0 .011  - -  - -  

5 0 . 0 0 6  - -  - -  - -  0 . 0 0 6  . . . . .  

6 0 . 0 0 4  . . . . . . .  

7 0 .001  . . . . . . . .  

" C a l c u l a t e d  a t  t h e  M P 2  o p t i m i s e d  g e o m e t r y  

T a b l e  3. N a t u r a l  o r b i t a l  o c c u p a t i o n  n u m b e r s  in  N H 3  a 

I r r e d u c i b l e  r e p r e s e n t a t i o n s  (Cs) 

A c t i v e  M P 2  C A S  11 C A S 9  

o r b i t a l  

n u m b e r s  a' a" a' a" a' a" 

1 1 .980  0 . 9 9 3  1 .985 0 . 9 9 5  1 .989  0 . 9 9 5  

2 1 .969 0 . 0 0 7  1.973 0 . 0 0 8  1 .980  0 . 0 0 8  

3 1 .962  0 . 0 0 4  1 .967 - -  1.971 

4 0 . 9 9 7  0 . 0 0 4  1 .000  - -  1 .000  - -  

5 0 . 0 2 5  - -  0 . 0 3 0  - -  0 . 0 2 8  - -  

6 0 . 0 1 8  - -  0 . 0 2 0  - -  0 . 0 1 9  - -  

7 0 . 0 0 9  0 . 0 1 0  - -  0 . 0 1 0  - -  

8 0 . 0 0 7  - -  0 . 0 0 7  - -  - -  - -  

9 0 . 0 0 5  0 . 0 0 5  - -  - -  - -  

" E v a l u a t e d  a t  t h e  g e o m e t r y  o f  t h e  M P 2  s a d d l e  p o i n t  
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As a basis-set which satisfies the requirements for flexibility and computational 
affordability, we chose the Dunning 5s/4p contraction of the Huzingaga lOs/6p 
double-zeta basis for nitrogen and the 3s contraction for the 5s hydrogen primitive 
set [16]. They are augmented by one set of polarisation functions on each atom 
with exponents of 0.913 for nitrogen and 0.75 for hydrogen 1-14]. This results in 41 
contracted basis functions. The electronic structure calculations have been per- 
formed using the GAUSSIAN90 program package [17] for the spin-unrestricted 
HF and MP2 methods and the SIRIUS/ABACUS program package [9, 10] for the 
CAS treatment. Structures were fully optimized at the CAS, HF and MP2 levels of 
theory for reactants, transition state and products of reaction (2). For the HF and 
MP2 calculations, spin-unrestricted wavefunctions for the open-shell systems have 
been used and in addition, the MP2 calculations included the nitrogen Is-electrons 
in the correlation treatment. The spin-contamination for the HF and MP2 wave 
functions is less than 1% for all equilibrium structures of the fragments and less 
than 3% for the saddle point. 

3 Structures, vibrational frequencies and energetics 

The optimized geometries are shown in Table 4. The maximum difference between 
the calculated bond lengths and the experimental values for the fragments is 
0.015 A, with the MP2 and CAS predicted bond lengths being closer to the 
experimental values. Significant differences are found for the intermolecular N H  
bond lengths at the saddle point.oAt the HF level the intermolecular N H  bond of 
the H N - H - H  complex is 0.048 A shorter than the CAS result, while the corres- 
ponding MP2 value lies between these two. The bond lengths between the nearest 
neighbour H atoms are 0.06 and 0.029 A larger at the HF level compared to the 
MP2 and CAS bond lengths, respectively. Thus, in the HF approximation the 

Table 4a. Geometry of the 3NH3 saddlepoint a 

R (NH 1) R (NH 2) R (H2H 3) c~ (HXNH 2) fl (NH2H 3) 

HF 1.017 1.194 1.005 100.3 170.0 
MP2 1.032 1.211 0.945 98.8 168.0 
CAS11 1.041 1.242 0.976 99.5 166.8 

a Planar (Cs) geometry; bond lengths R in Angstroms and angles ~,/~ in degrees. The labelling of the 
atoms is defined in Fig. 1. 

Table 4b. Geometries of 3NH, H2 and 2NH 2 

3NH H2 NH2 

R (NH) R (HH) R (NH) c~ (HNH) 

Hartree-Fock 1.023 0.727 1.011 104.7 
MP2 1.034 0,730 1.024 102.9 
CASll 1.048 [1.038] 0.748 [0.742] 1.033 [1.024] 103.7 [103] 

Notation as in Table 4; NH2 has C2v symmetry; experimental values from Ref. [19] are set in brackets 
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Table 5. Barrier heights, AE #, and changes in internal energy AE, for reaction (2)" 

Hart ree-Fock MP2 CAS 11 Experiment 

AE (AEo) 20,8 (21.8) 11.3 (12.0) 10.0 (11.0) (9.9) 
AE # (AEo #) 35.2 (36.5) 22.6 (22.7) 23.2 (23.4) 

a Relative to the energy of NH + H2 (in kca lmol -  ~); values in parenthesis include ZPE; experimental 
value (extrapolated to 0 K) is taken from Ref. [11 (b)] 

saddle point lies late in the reaction-path of reaction (2), whereas the MP2 and CAS 
saddle points are shifted significantly more towards the reactant side. This is 
qualitatively consistent with Hammond's postulate [18]. The late saddle point of 
a more "NH2-H structure" correlates with the calculated change of internal energy 
of 20.8 kcalmol-* (Table 5) for HF, whereas the earlier MP2 and CAS saddle 
points give significantly lower values of 11.3 and 10.0 kcal tool-1, respectively. 

The accuracy of the ab initio methods employed may be judged using the 
experimental value for the change in internal energy for the reaction and the 
variation of the barrier height with improvement of the method. Table 5 lists 
the experimental (extrapolated to OK) change of internal energy, AEo, together 
with our calculated results [including zero-point vibrational energy (ZPE) correc- 
tions]. The qualitatively correct behaviour of the CASll-wave function in these 
dissociation limits is reflected in the good agreement of AEo with the experimental 
result (Table 5). In contrast, the HF value differs from the experimental value 
by about 10 kcalmo1-1, overestimating AEo by 100%. The HF barrier is about 
12 kcal mol-1 larger than the similar MP2 and CAS barriers. Obviously, the CAS 
approximation includes a significant portion of the dynamical correlation. 

Vibrational harmonic frequencies of the optimised structures are listed in 
Table 6 along with the experimentally observed (anharmonic)frequencies [ 19]. HF 
harmonic frequencies generally overestimate the experimentally observed frequen- 
cies by more than 10%. The CAS harmonic frequencies for H2 and NH agree with 
the experimental values (of the anharmonic frequencies) within about 50 cm- 1, 
compared to an overestimation by 130-250 cm-1 by the MP2 approximation. For 
NH2 the CAS and MP2 frequencies overestimate the experimental values by less 
than 10%. 

The three approximations to the vibrational frequencies at the saddle point 
differ most for the imaginary frequency. The CAS-value of 1527 cm-1 for the NH2 
bending mode is adiabatically correlated with a lower value for a combined 
bending/H-H stretching mode of 1273 cm -1. The HH-stretching frequency of 
4355 cm -1 drops significantly to a value of 1487 cm-1 at the saddle point for 
a combined HH-stretch/anti-symmetric NH stretching mode. The NH stretching 
frequency remains virtually unchanged at the saddle point. The frequency of 
668 cm- 1 corresponds to an in-plane hindered internal rotation of the H N - H - H  
moieties indicating that an exchange process for 

NH + H'H" ~ HN-H' -H"  (TS) ~ H 'N-H-H"  (TS') ~ NH' + HH" (3) 

is energetically unfavourable near the abstraction saddle point (TS). However, this 
frequency approaches zero asymptotically for NH2 + H making the exchange 
process more likely to occur. Moreover, we have verified by further calculations 
that there are out-of-plane exchange pathways of much lower energy than the 
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in-plane pathways. The frequency of 952 cm-1 corresponds to an out-of-plane 
vibration. Zero-point vibrational energies, calculated from the harmonic frequen- 
cies, are also reported in Table 6. 

4 Intrinisic reaction-path, transverse mode frequencies and 
CVTST rate constants 

The CAS steepest descent path in massweighted Cartesian coordinates from the 
saddle point to reactants and products has been determined using the local- 
quadratic approximation algorithm [4], which uses the molecular gradients and 
Hessian calculated at each step for an optimal estimate of the step-length in the 
direction of the path. The step-length varies between 0.01 and 0.1 a.u., depending 
on the anharmonicity of the potential in the direction of the reaction-path. At 
a total of 75 points the complete set of energy, energy gradients and second 
derivatives of Eq. (1) were calculated. The interpolated energy-profile and the 
internuclear distances along this path as functions of the intrinsic reaction coordi- 
nate (IRC) [43 are shown in Figs. 1 and 2, respectively. This path describes the 
approach of H 2 to 3NH in plane, starting from an intermolecular distance of about 
6.5 bohr, to the planar saddle point HN-H-H. The abstraction of the directly 
connected H atom is followed up to a H-H separation of about 4.0 bohr. As 
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Fig. 1. Energy profile along the IRP for the 
reaction NH (3~-) + H2 (1Z+) ~ NH 2 
(2B1) + H (2S). The intrinsic reaction 
coordinate is given in atomic units. The 
geometry of the saddle point is given 
schematically indicating the labelling of the 
atoms 
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Fig. 2. Internuclear distances of 3NH3 along 
the IRP as in Fig. 1. The solid horizontal 
curve represents the bond length R (NoH1); 
the lowest curve represents R (H 2 H3), the 
remaining curves are (in ascending order) 
R (N-H2), R (H1-H2), R (H2-H3), R (H~-H 3) 
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Fig. 4. Energy profile of the vibrationally 
adiabatic potential energy along the IRP. 
The IRP potential of Fig. i (solid line) is 
shown for comparison 

mentioned before, the intramolecular NH-bond remains virtually unchanged on 
this path. The HH-bond begins to elongate shortly before the saddle point and the 
originally internuclear NH-boud reaches its value in the NH2 molecule shortly 
after the saddle point. 

In the reaction-path picture of chemical reactions, the vibrational frequencies 
and generalized normal modes [ t ,2]  change continuously along a path from 
reactant to product. For nonstationary points along the IRP, the vibrational 
frequencies are determined by projecting the translational and rotational degrees of 
freedom and the reaction-path direction from the massweighted Cartesian force 
constant matrix [1, 2]. Figure 3 shows the frequencies of the 3N - ? transverse 
modes calculated in the harmonic approximation along the path of reaction (2). 
The frequency for the intramolecular NH stretch stays virtually unchanged on the 
path (at ca. 3200 cm-  1 in Fig. 3), whereas the frequency for the HH bond adiabati- 
cally transforms to the frequency of the combined bending/HH stretch at the 
transition complex and to the frequency of the antisymmetric stretch/bending 
mode of NHa (starting at ca. 4300 cm-1 in Fig. 3). The bending frequency of NH2 
vanishes for the reactant. 

If we assume that motion along the reaction coordinate is separable from 
motion in the remaining degrees of freedom [1,2], the most reasonable barrier 
shape for describing tunneling dynamics is the vibrationally adiabatic ground-state 
potential energy curve [20]. This is the sum of the potential energy of the reaction 
path and the zero-point vibrational energies for the transverse vibrations on the 
path. Figure 4 compares the vibrationally adiabatic ground-state potential with 
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Table 7. CVTST thermal rate constants  for reaction 
(2), kl, and the reverse reaction, k2 

Temperature  kl k2 

400 2.42 ( - 24) 3.85 ( - 18) 
600 5.81 ( - 20) 9.19 ( - 16) 

1000 2.39 ( - 16) 9.64 ( - 14) 
1500 2.08 ( - 14) 1.29 ( - 12) 
2000 1.91 ( - 13) 4.46 ( - 12) 
2500 4.29 ( - 13) 5.44 ( - 12) 

a Temperature  in Kelvin and rate constants  in 
c m 3 m o l e c u l e - l s - 1 ;  powers  of 10 are given in 
parenthesis. 

J. Ischtwan et al. 

the Born-Oppenheimer potential along the path. The geometries of the saddle points 
for the vibrational ground-state and the Born-Oppenheimer surfaces are identical. 

The reaction rates for reaction (2) and for the reverse reaction have been 
calculated for a temperature range 400-2500 K using canonical variational 
transition-state theory (CVTST) [2]. The vibrational densities of states have been 
evaluated quantum mechanically in the harmonic approximation, and the rotation 
has been modelled as that of a classical rigid rotor. The degeneracies, dei , of the 
electronic states in the electronic partition functions for the reactants NH, H2 (and 
of H, NH2 for the reverse reaction) and for the variational transition state com- 
plex are dei[NH (3£- ) ]  = 3, del[H2 (1S+)] = 1, d~I[NH 3 (3A")] = 3, del[NH2 
(2B1) ] = 2, del[H (2S)] = 2. The transition state is determined variationally by 
minimising the reaction rate as a function of the location of the transition state on 
the MEP. The electronic energy of the transition state is taken to be that of the 
corresponding point on the MEP. The global surface of 3NH3 possesses six distinct 
symmetry-equivalent reaction-paths for reaction (2). The exchange symmetries 
of the 3NH3 complex and of the reactants have been taken into account by the 
appropriate symmetry numbers, a [21], in the rate constants ( a ( N H 3 ) =  1, 
a(NH2) = 2, a (NH)  = 1, a(H2) = 2, a (H)  = 1). The CVTST results are listed in 
Table 7. For  temperatures below 1500 K the variationally determined transition 
state is located at the saddle point of the vibrationally adiabatic ground-state 
surface. For  temperatures above 1000 K the reaction rates for reaction (2) are 
generally two to three orders of magnitude smaller than those reported for the 
analogous reaction of OH with H2 [22] which is exothermic. The surface for the 
latter reaction has a much smaller barrier of 6.2 kcalmol-1.  The occurrence of 
reaction (2) has not yet been confirmed experimentally. The rate-constants for the 
reverse reaction are a factor of 20 larger than those for the analogous reaction of 
OH2 with H [23], for which a barrier of about 21kcal mol -  ~ has been determined. 

The available experimental studies on the reactions of triplet N H  in the gas 
phase reveal addition to radical species [12] and olefins [13]. For  the addition of 
triplet NH (produced by flash photolysis of HNs) to C2H4, a thermal reaction rate 
constant of the order of 10 14 c m  3 m O l  1 sec 1 has been reported, whereas the 
abstraction of hydrogen from C2H4 under the same conditions is very inefficient 
[133. The latter result may be rationalized for a planar configuration of the triplet 
H N - H - C H  = CH2 transition complex. Assuming that the CH = CH2 group re- 
mains a spectator, denoted as Sp, the a and rc MOs of Sp remain doubly occupied 
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during the H abstraction by triplet NH. The formation of a planar HN,H-Sp  
complex involves draining the HSp bond of electrons and occupying the bonding 
and anti-bonding N-H-Sp  MO of a r symmetry with three electrons, resulting (with 
a singly occupied a" MO) in an a" electronic state. The same energetically un- 
favourable electronic structure changes would occur for the HSp and NH moieties 
and the triplet NH-C2H4 complex during tbr the H-abstraction reaction, 

5 Concluding remarks 

We have presented high-level MCSCF calculations of the intrinsic reaction path 
for the reaction 3NH + H2 ~ NH2 + H and thermal rate constants computed in 
the harmonic approximation of the MCSCF reaction-path potential. The complete 
active space calculations of the lowest electronic state of 3NH3 include dynamic 
correlation of the eight valence electrons and correctly describe the change of the 
electronic structure along the IRP. 

The IRP describes repulsive configurations for the hydrogen abstraction and 
a saddle point which is located late in the reaction path. The reaction is endother- 
mic by 11.0 kcal mol- 1 and the IRP has a substantial barrier of 23.4 kcal tool- ~ 
The calculated change of the internal energy for this reaction and the geometries 
of the fragments agree very well with the available experimental data. Classical 
variational transition state theory calculations of the rate constants in the tem- 
perature range 400-2500 K predict this reaction to be very inefficient; being two 
orders of magnitude smaller than those of the OH + H2 reaction. 
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