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Molecular interactions play an important role in the
formation of various gas-phase complexes and clusters
and determine the secondary and tertiary structures of
biologically important molecules and the molecular
packing of crystals [1–7]. One of the most important
types of molecular interactions is the donor–acceptor
interaction of main-group elements [2–4, 6]. In the last
twenty years, donor–acceptor complexes in the gas
phase have been receiving ever increasing attention [3–7].
Theoretical and experimental studies of Van der Waals,
electrostatic, and donor–acceptor complexes in the gas
phase have provided better insights into the nature of
the specific attractive forces acting between electron-
deficient and electron-abundant centers in molecules.

The aim of this work was to perform an ab initio
study of the interaction between the 

 

H

 

2

 

 and 

 

NH

 

3

 

 mole-
cules in the gas phase, the formation of weakly bonded
complexes 

 

I

 

 and 

 

II

 

, and the influence of weak interac-
tion on the pyramidal inversion of the ammonia mole-
cule in the complex (

 

I  III  II

 

):

Apart from the structural characteristics of the
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···

 

H
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 donor–acceptor interaction, particular atten-
tion was given to the topology of the potential energy
surface (PES) of the 

 

NH

 

5

 

 system in the vicinity of the
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and to the unusual reaction coordinates of the rear-
rangements of these structures.

Despite many debatable examples [8–4], the reac-
tion coordinate is considered to be a smooth continuous
line connecting the saddle point (the transition state)
with the two minimums corresponding to the reactant
and the product [15]. It has been shown [8, 9, 12] that a
line of steepest descent (gradient line) can connect two
neighboring saddle points. In this case, the reaction
coordinate may consist of several orthogonal gradient
lines intersecting one another at the saddle point [9]. In
this work, we considered the first example of a reaction
coordinate (line of steepest descent) coming out from
saddle point 

 

IV

 

 (

 

λ

 

 = 1; thereafter, 

 

λ

 

 is the number of
negative Hessian eigenvalues) along the direction tan-
gential to the transition vector and coming to neighbor-
ing stationary point 

 

V

 

, which is a second-order saddle
point (the top of a two-dimensional hill; 

 

λ

 

 = 2) [16].

CALCULATION PROCEDURE

The positions and characteristics of the stationary
points were calculated by the standard method of cou-
pled cluster doublets, 

 

CCD(full)/6-311++G(3

 

df

 

, 2

 

p

 

)

 

,
using the Gaussian 98 package [17]. The molecular
geometry at the stationary points was optimized using
the tight convergence criterion at all approximation lev-
els. When calculating the energy of formation of com-
plexes 

 

I

 

 and 

 

II

 

 from the 

 

NH

 

3

 

 and 

 

H

 

2

 

 molecules, the
basis set superposition error (BSSE) [18] was disre-
garded, because the BSSE is not a physical effect; the
question of whether this error should be taken into
account remains debatable [19–23]. When the BSSE is
taken into account [23], the thermodynamic stability of
various multimolecular complexes and their bonding
energies decrease substantially (for example, the inter-
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Abstract

 

—The existence of a second-order saddle point in the reaction coordinate for the decomposition of the

 

D

 

3

 

h

 

-symmetry 

 

NH

 

5

 

 system, the point that corresponds to a first-order saddle point (the true transition state),
was predicted by 

 

CCD(full)/6-311++G(3

 

df

 

, 2

 

p

 

)

 

 calculations. The potential energy surface was found to exhibit
an unusual topology in the vicinity of the second-order saddle point. It was established that the 

 

NH

 

3

 

···

 

H

 

2

 

 bimo-
lecular complex corresponds to a minimum in the potential energy surface with a very low energy of complex-
ation (

 

~0.02

 

 kcal/mol).
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action energy for the alanine dimer was found to be
–19.7 kcal/mol, whereas calculations with the BSSE
included yielded +14.4 kcal/mol [23]). All the calcula-
tions were performed for the gas phase.

The tunnel splittings of the lower vibrational levels
corresponding to the pyramidal inversion of the ammo-
nia molecule in the 

 

NH

 

3

 

···

 

H

 

2

 

 complex in the two-well
potential, whose minima, correspond to the complexes

 

I

 

 and 

 

II

 

, were calculated in the one-dimensional
approximation by using the Schrödinger equation with
the Hamiltonian

where 

 

V

 

(

 

s

 

)

 

 is the adiabatic potential of the inversion,
and 

 

s

 

 is the distance along the intrinsic reaction coordi-
nate (IRC) [10] expressed in atomic units. For compar-
ison, the tunnel splittings for an isolated ammonia mol-
ecule were determined in the same approximation. The
potential 

 

V

 

(

 

s

 

)

 

 determined from quantum-chemical cal-
culations was approximated by a piecewise linear func-
tion with segments of length 

 

∆

 

s

 

 

 

≈

 

 0.4

 

 au.

RESULTS AND DISCUSSION

 

Stationary Points on the PES of the 

 

NH

 

3

 

···

 

H

 

2 

 

Complex

 

Ab initio calculations showed that the PES of the

 

NH

 

5

 

 system has at least six stationary points corre-
sponding to structures 

 

I

 

–

 

VI

 

. The structures of the radi-
cals and the structures formed by the dissociation of the
ammonia molecule were not considered. Calculations
show that structures 

 

I

 

 and 

 

II

 

 correspond to minima (

 

λ

 

 = 0);
structures 

 

III

 

, 

 

IV

 

, and 

 

VI

 

, correspond to saddle points
(

 

λ

 

 = 1); and structure 

 

V

 

, corresponds to a two-dimen-
sional hill (

 

λ

 

 = 2). The total energies, energy differ-
ences, and zero-point energies (ZPE) calculated in the
harmonic approximation for structures 

 

I

 

–

 

VI

 

 and the
isolated ammonia and hydrogen molecules are listed in

H
1
2
--- d

2

ds
2

--------– V s( ),+=

 

Table 1. The optimized geometric parameters of iso-
mers 

 

I

 

–

 

VI

 

 and the 

 

NH3 and H2 molecules are presented
in Fig. 1 and Table 2.

The results for NH3 and H2 are in good agreement
with the experimental data reported in [24]. According
to the calculation results, dipole complex I has symme-
try C3v and an N···H distance somewhat longer than the
sum of Van der Waals radii of the nitrogen and hydro-
gen atoms (2.66 Å) [25] and shorter than the intermo-
lecular distance in the H2···N2 complex (3.40 Å) [26].
The energy of formation of complex I is negative
though very small (–0.024 kcal/mol), whereas the
energy of formation of II is positive (0.497 kcal/mol).
Consequently, complex II is unstable and decomposes
to yield NH3 + H2.

To our knowledge, complex I has not been observed
experimentally; therefore, we can correlate the calcu-
lated energy of formation of this complex only with the
experimental (0.0692 ± 0.0035 kcal/mol) and theoreti-
cal (0.103 kcal/mol) values of the energy of formation
of the H2···N2 dimeric complex [26]. Note that the
allowance for ZPE markedly decreases the energies of
formation of complexes I (0.611 kcal/mol) and II

Table 1.  Results of CCD(full)/6-311++G(3df, 2p) calculations for structures I–VI, NH3, and H2

Structure Symmetry –Etot ZPE λ ∆E ∆EZPE ∆H ∆G ω1/iω1

I C3v 57.656879 0.047035 0 0 0 0 0 62(e) 

II C3v 57.656048 0.045896 0 0.52 –0.19 0.33 –1.86 37(e)

III C3v 57.648571 0.045240 1 5.21 4.09 4.22 3.72 i839

IV D3h 57.471557 0.046704 1 116.29 116.08 114.31 119.46 i1253

V C3v 57.543056 0.050487 2 71.42 73.59 71.68 76.57 i465(e)

VI C2v 57.546647 0.049632 1 69.17 70.80 69.28 73.15 i936

NH3 C3v 56.486124 0.034943 0 0 0 0 0 1055

NH3 D3h 56.477224 0.033524 1 5.58 4.07 4.05 4.52 i840

H2 D∞h 1.1707166 0.010080 0 – – – – 4425

Note: Etot (au) is the total energy (1 au = 627.5095 kcal/mol); ZPE (au) is the zero-point energy in the harmonic approximation; λ is number
of negative Hessian eigenvalues; ∆E (kcal/mol) is the energy difference; ∆EZPE (kcal/mol) is the energy difference including the
zero-point energy in the harmonic approximation; ∆H and ∆G (kcal/mol) are the enthalpy and Gibbs energy differences at standard
conditions (p = 1 atm, T = 298.1 K); and ω1 (or iω1) is the lowest (or imaginary) frequency of harmonic vibrations.

Table 2.  Measured and ab initio calculated geometric pa-
rameters of the NH3 and H2 molecules

Method NH3
r(N–H), Å

NH3
ϕ(H–N–H), 

deg

H2
r(H–H), Å

RHF 1.001 107.6 0.733
RMP2/DZ 1.012 106.1 0.734
RMP2/TZ 1.013 107.3 0.738
CCD 1.013 107.1 0.743
Experiment [24] 1.0156 107.28 0.74142
Note: r is the bond length, and ϕ is the valence angle; CCD denotes

CCD(full)/6-311++G(3df, 2p).
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(0.418 kcal/mol); in this case, structures I and II
become instable and decompose to NH3 + H2. At the
same time, the presence of sufficiently pronounced
minima in the PES that correspond to complexes I and
II suggests that the weakly bonded complex NH3···H2
can be fixed in the hydrogen matrix at a low tempera-
ture. The lengths of the valence bonds and angles in the
NH3 and H2 moieties of complexes I and II differ only

slightly from the respective values in the isolated mol-
ecules.

Pyramidal Inversion of the Ammonia Molecule

The inversion of the ammonia molecule in the
NH3···H2 complex yields transition state III, which cor-
responds to a saddle point (λ = 1) in the PES of NH5
with an energy barrier of 5.21 kcal/mol. This barrier is
slightly lower than the calculated barrier for the inver-
sion of an isolated ammonia molecule (5.58 kcal/mol)
[24]. It is interesting to compare the tunnel splitting of
the vibrational levels corresponding to the inversion of
the ammonia molecule in complex I and the tunnel
splitting for the inversion of an isolated ammonia mol-
ecule. The inverse-state vibrational levels calculated in
the one-dimensional approximation are presented in
Fig. 2 and listed in Table 3. In Fig. 2, curve 1 represents
the potential energy curve for the I  III  II
inversion while curve 2 shows the potential energy curve
for the inversion of an isolated ammonia molecule. The
five lower vibrational levels in the two-well potential for
an isolated ammonia molecule (on the left-hand side)
correspond to the six levels of the I  III  II inver-
sion (on the right-hand side).

The calculated energies of the vibrational levels for
the inversion of the ammonia molecule in the NH3···H2
complex and in the isolated ammonia molecule, as well
as the measured energies of the vibrational levels for
the inversion of the ammonia molecule from [24], are
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Fig. 1. Geometrical parameters of structures I–VI obtained by ab initio calculations. The bond lengths and valence angles are
expressed in angstroms and degrees, respectively.
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Fig. 2. Tunnel splitting of the vibrational levels correspond-
ing to the inversion of the isolated ammonia molecule (on
the left-hand side) and the NH3 molecule in the NH3···H2
complex (on the right-hand side): (1) the inversion potential
of the ammonia molecule in the NH3···H2 complex, and (2)
the inversion potential of the isolated ammonia molecule.
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listed in Table 3. The spacing between the two lower
levels for the NH3···H2 complex is much larger than that
for the ammonia molecule, whereas the other levels dif-
fer only slightly. The transition between the two lower
inversion levels for an isolated ammonia molecule lies
in the microwave region [27], whereas, for the NH3···H2
complex, this transition can be observed in the IR
region.

Transformation of the PES 
along the Reaction Coordinate

Bipyramidal structure IV of symmetry D3h corre-
sponds to a saddle point (λ = 1) and represents the true
transition state for the SN2 reaction at the nitrogen atom.
The reaction coordinate (the line of steepest descent)
comes out from IV along the direction tangential to the
transition vector and comes to another stationary point
with λ = 2, structure V. The point symmetry group C3v
remains invariant along the reaction coordinate. One of
the two lines of steepest descent coming out from V in
the directions tangential to the two Hessian eigenvec-
tors corresponding to the doubly degenerate negative
eigenvalue (the e symmetry) [27, p. 241] comes to sad-
dle point VI (λ = 1), while the other finishes at mini-
mum I (λ = 0).

The unusual position of the second-order saddle point
in the reaction coordinate can be explained on the basis
of Fig. 3, which shows the results of MP2/6-31G** cal-
culations of the variations of the vibrational modes cor-
responding to the Hessian eigenvalues, which are neg-
ative at one of the two saddle points under consider-
ation. For structure IV, the mode s corresponding to the
asymmetrical stretching along the third-order axis (the
“umbrella handle”) is the decomposition mode. The
mode b, which corresponds to the deviation from the ë3
axis has two degenerate positive eigenvalues. The
IV  V steepest descent corresponds to the asym-
metrical stretching–contraction of the “umbrella han-
dle.” For the IV  V transition, the line of steepest
descent in the slope of the PES has a bifurcation point
(a valley-ridge inflection (VRI) point) at which the b
modes become negative. In the reaction coordinate
below this point, the negative stretching mode s
becomes positive. At the end point (state V), the two
negative Hessian eigenvalues correspond to two modes
of deviations from the ë3 axis [16]. Figure 4 shows a
schematic view of the PES along the reaction coordi-
nate at the section of the two-dimensional mode s. This
unusual topology of the PES (observed for the first
time) leads to the following important conclusions:

(1) There is no limitation on the distribution of sta-
tionary points of different types over the PES. Up to now,
it has been believed that such limitations are imposed by
the Morse ratios. However, the Morse ratios are applica-
ble only to distributions of nondegenerate stationary
points in bounded regions of (3N–6)-dimensional PESs.
The necessity of excluding all degenerate stationary

points and poles from consideration makes the Morse
ratios unsuitable for practical purposes.

(2) It is impossible to introduce rigid rules for sym-
metry elements (point symmetry groups) that would
hold in passing from one minimum (the reactant)
through the transition state structure to the other mini-
mum (the product). The conventional rules of symme-
try conservation are based on the assumption that the
reaction coordinate, which connects the two minima
(the reactant and product) and passes through the sad-
dle point corresponding to the transition state, is a
unique, smooth, and uniformly continuous line of
steepest descent without other stationary points. Then,
in accordance with the Pearson theorem [28, 29], all of
the symmetry elements of the molecular structure cor-
responding to a nonstationary point in this line remain
invariant along the reaction coordinate. In this case, a
point symmetry group that remains invariant along the

Table 3.  Vibrational levels corresponding to the inversion
of the ammonia molecule in the NH3…H2 complex and the
isolated NH3 molecule (cm–1)

n NH3…H2
Calculation

NH3
Calculation

NH3
Experiment [24]

0 0 0 0

1 202.91 1.02 0.79

2 907.24 903.67 932.43

3 1089.09 938.59 968.12

4 1638.25 1568.48 1598.47

5 1898.23 1825.47 1882.18

6 2364.02 2313.31 2384.17

7 2819.79 2785.81 2895.61

Note: n is the quantum number equal to the number of nodes in the
wave function.
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Fig. 3. Behavior of the s and b modes of structures IV and
V along the steepest-descent line from IV to V; r is the dis-
tance along the reaction coordinate expressed in atomic
units, and ν is the frequency.
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reaction coordinate is a subgroup of point symmetry
groups of the reactant, transition state structure, and
product. However, in the presence of another stationary
point with λ ≥ 1, at which the reaction coordinate
changes its direction, the system passes from one gra-
dient line onto another gradient line with invariant sym-
metry elements that can be unrelated to those of the
first line. When the reaction coordinate has a second-
order saddle point, as in our case, this point can be the
origin of an infinite number of lines of descent with all
kinds of invariant symmetry elements, i.e., with sets
of symmetry elements unrelated to the symmetry of
the reactant.

Thus, the ab initio calculations performed show that
the reaction coordinate can have a second-order saddle
point, and, consequently, there are no limitations on the
distribution of stationary points of different types over
the reaction coordinate. This means that it is impossible
to introduce rigid rules of conservation of point sym-
metry throughout the reaction coordinate. The weak
dipole interaction between the ammonia and hydrogen
molecules stabilizes the linear C3v configuration of the
NH3···H2 complex.
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