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Initial-state-selected time-dependent wave packet dynamics studies have been performed for the
H2 þ NH2 ! H þ NH3 reaction with a seven-dimensional model on a new interpolated ab initio
potential energy surface (PES). The PES is constructed using modi¯ed Shepard interpolation
Scheme and contains 1967 data points with ab initio calculations carried out on UCCSD(T)/
aug-cc-pVTZ level. In the seven-dimensional model, NH2 group keeps C2v symmetry and two
NH bonds are ¯xed at their equilibrium values. The total reaction probabilities are calculated
when (1) the two reactants are initially at their ground states; (2) NH2 bending mode is excited,
and (3) H2 is on its ¯rst vibrational excited state. The integral cross sections are also reported
for these initial states with centrifugal-sudden approximation. Thermal rate constants are
calculated for the temperature range of 2002000 K and compared with the previous calculated
values and available experimental data. Good agreements between theory and experiments for
the rate constants at intermediate temperature are achieved on this PES.
Keywords: Quantum dynamics; H2 þ NH2 ; seven-dimensional; interpolated potential energy
surface; rate constant.

1. Introduction
Recently signi¯cant progress has been made toward understanding the chemical
reactive dynamics involving polyatomic molecule, both experimentally and
theoretically.115 With the powerful computers, detailed state-to-state dynamics
information could be obtained by solving nuclear Schr€odinger equation.6 However,
due to the nature of quantum reactive scattering, the computational cost of the
theoretical calculations is exponentially increasing with the degrees of freedom of the
reaction system and it is thus di±cult to perform an exact full-dimensional (FD)
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calculation for the reaction beyond four-atomic system at present. For reactions
including ¯ve atoms, two FD studies have been reported: One is for H2 þ C2 H
reaction by Wang1 and another is for H þ NH3 reaction by Yang.3 While for the
X þ CH4 reactions, most studies are carried out with various reduced-dimensional
models based on quantum scattering theory14,1618 although the FD study based on
transition state theory has been recently presented by Manthe and co-workers.19
The potential energy surface (PES) plays an important role in understanding the
reactive dynamics.20,21 Nowadays PESs for three-atomic reactions have been widely
used in quantum12,22 or classical2328 dynamics studies, while for reactions beyond
three atoms, the construction of PES is still a di±cult task.15,2932 The combination
of accurate PES and FD quantum dynamics calculations has successfully explained
or predicted several important reactions, such as triatomic reaction F þ H2 (Ref. 33)
and tetra-atomic reaction H þ H2 O.34 It is reasonable to extend the study to ¯veatomic reactions or beyond with accurate ab initio PES and FD quantum dynamics
in the near future.
Similar to its isoelectronic reactions H þ HF, H þ H2 O and H þ CH4 , H þ NH3 $
H2 þ NH2 is a prototype of polyatomic reaction and has drawn considerable interests
recently. Zhang et al. have studied this reaction with a four-dimensional semi-rigid
vibrating rotor target (SVRT) model35 Yang and Corchado have studied the
H þ NH3 36 and its reverse reaction H2 þ NH2 37 with seven-dimensional models.
Yang also present a FD quantum dynamics study for H þ NH3 reaction.3 All these
studies employed an analytic PES constructed38 by Corchado and Espinosa-García
(denoted as CE-PES hereafter) or its modi¯cation.39 An interpolated ab initio PES
for this reaction has been constructed by Collins and coworker (denoted as MCPES).40 This interpolated PES is constructed with modi¯ed Shepard interpolation
scheme and contains 2000 data points which are calculated with UCCSD(T)/aug-ccpVDZ method for both energy and derivative. In another version of MC-PES, the
energy is improved with UCCSD(T)/aug-cc-pVTZ method.
In this work, we present a seven-dimensional quantum dynamics study for the
H2 þ NH2 ! H þ NH3 reaction on a new interpolated ab initio PES. The new
interpolated PES utilizes the con¯guration of data points in MC-PES and both
energy and derivative are calculated with UCCSD(T)/aug-cc-pVTZ method. With
the interpolated PES, the total reaction probability and integral cross sections
(ICSs) for three initial states are calculated. The thermal rate constants are also
obtained and compared with the previous theoretical and experimental values. In the
following of this paper, the PES will be brie°y described in Sec. 2 and the quantum
dynamics calculations are presented and discussed in Sec. 3. The conclusions are
given in the last section.
2. Potential Energy Surface
There are two channels for H+NH3 reaction: one is the hydrogen abstraction
channel H þ NH3 $ H2 þ NH2 reaction and another is exchange channel
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H þ NH3 $ NH3 þ H. The MC-PES has been developed for both channels by an
iterative procedure with classical trajectory simulations. This interpolated PES
contains 2000 data points which covered all important regions of PES and its convergence has been validated.27 This ab initio PES has two versions: PES1 and PES2.
The PES1 is constructed with UCCSD(T)/aug-cc-pVDZ method for both energy
and derivative. While for the PES2, the energy at each data points is calculated with
a larger basis set aug-cc-PVTZ. These authors found that the calculations with augcc-pVTZ basis set would produce more accurate values for the barrier height of the
exchange reaction and the well depth of NH4 minimum.

Fig. 1. The geometries of stationary points optimized with UCCSD(T)/aug-cc-pVTZ, together with the
values given in Ref. 27 in parenthesis. The units of bond length and bond angle are Angstrom and Degree,
respectively.
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Table 1. The energy di®erences of the stationary points (kJ/Mol).a

HþNH3 (I)
H2 þNH2 (IV)
NH4 -Td (V)
TS1-Cs (II)
TS2-C3v (III)

aug-cc-pVDZb

aug-cc-pVTZb

aug-cc-pVTZc

0.0
21.0
8.3
62.4
41.9

0.0
21.3
10.3
61.4
40.2

0.0
20.77
10.17
61.92
39.69

a

All calculation are performed with UCCSD(T) method.
Ref. 27.
c
This work.
b

In this work, a new interpolated ab initio PES is developed with both energy and
derivative calculated with UCCSD(T)/aug-cc-pVTZ and utilizes the con¯guration
of the original 2000 data points in MC-PES. A total of 1967 data points are ¯nally
included in this new PES while the other 33 data points are abandoned due to the
convergence failure in ab initio calculations. The geometries of stationary con¯gurations relevant to the reactions are shown in Fig. 1. The energy di®erences between
stationary points are listed in Table 1 and are very close to the corresponding values
reported in Ref. 26. In this work, all the calculations for the geometry optimization of
stationary points are carried out with Gaussian 0941 and the energy calculations for
data points are carried out with MOLPRO 2012 program.42

3. Quantum Dynamics Calculations
3.1. Seven-dimensional model
The initial-state-selected wave packet (ISSWP) quantum dynamics calculation has
been performed for the reverse reaction H2 þ NH2 ! H þ NH3 with a sevendimensional model. This model has been employed to study the title reaction on a
modi¯ed CE-PES.37 As ISSWP method has been widely employed in the study of
reactive dynamics, only the seven-dimensional model is introduced in this paper.

Fig. 2. Jacobi coordinates of seven-dimensional model for H2 þ NH2 reaction.
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In the seven-dimensional model, NH2 keeps C2v symmetry and the two NH bonds are
¯xed at its equilibrium positions. This approximation is reasonable because the
NH bond length only changes little during the reaction as shown in Table 1 (from
1.028 
A in reactant NH2 to 1.026 
A at saddle point). With this approximation, the
Hamiltonian of the reactive system is written as:
2
1 @2
1 @2
ðJ^tot  j^12 Þ2
j^1

þ
þ
H^ ¼ 
2R R2
2r r2
2R @R2 2r @r2
vib
rot
þ K^ NH2 þ K^ NH2 þ V ðR; r; ; 1 ; 1 ; 2 ; 2 Þ;

ð1Þ

here R is the distance from the center of mass (COM) of molecule NH2 to the COM of
molecule H2 ; r is the bond length of H2 molecule;  is the HNH angle in NH2
group and vector s is the C2v symmetry axis of NH2 . The bending angle between R
and r is de¯ned to be 1 ; ’1 is the azimuth angle of the rotation of H2 around R,
related to the R-s plane; 2 is the bending angle between R and s; and ’2 is the
azimuth angle of the rotation of NH2 around its C2v axis s. R is the reduced mass of
H2 NH2 and r is the reduced mass of H2 .
In Eq. (1), the ¯rst two terms are the kinetic energy operators for R and r,
respectively. J^tot is the total angular momentum operator of the system and
j^12 ¼ j^1 þ j^2 , where j^1 and j^2 are the angular momentum operators of molecules H2
and NH2 , respectively. The third term of the Hamiltonian is the centrifugal
potential and the fourth term is the rotational kinetic energy operator of molecular
vib
rot
H2 . K^ NH2 and K^ NH2 are the vibrational and rotational kinetic operators of NH2 ,
respectively,36
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þ
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ð2Þ
K NH2 ¼ 
1 q2 sin  @
@ 2 q2 sin  @
@
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1
1
rot
2
2
^
^
K NH2 ¼ ðBX þ BY Þj 2 þ BZ  ðBX þ BY Þ j^2;z
2
2
1
2
2
þ ðBX  BY Þðj^2;þ þ j^2; Þ;
2

ð3Þ

where 1 ¼ mH and 2 ¼ mN mH =ðmN þ mH Þ are the reduced masses. q is the bond
length of the NH bond and is ¯xed at its equilibrium value of reactants. fBX ; BY ;
BZ g are the rotational constants and variant with the bending angle . j^2;z is the
z-component of j^2 and the corresponding quantum number is k2 . j^2; are shift
operators. The last term V ðR; r; ; 1 ; 1 ; 2 ; 2 Þ is the potential energy.
The parity-adapted rotational basis set for the H2 þ NH2 system is de¯ned as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h
1
Jtot MK" ^
^ ^r ; ^s Þ
 j12 j1 j2 k2 ðR; ^r ; ^s Þ ¼
 Jtot MK ðR;
2ð1 þ K 0 k2 0 Þ j12 j1 j2 k2
i
^ ^r ; ^s Þ ;
þ "ð1ÞJtot þj12 þj1 þj2 þk2  Jj12totjMK
ð
R;
ð4Þ
j
k
1 2
2
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here,
^ ^r ; ^s Þ ¼ D Jtot ðRÞY
^ j12 K ð^r ; ^s Þ
 Jj12totjMK
ðR;
MK
j1 j 2 k 2
1 j 2 k2
and
Y jj112j2Kk2 ð^r ; ^s Þ ¼

X
m

j2
hj1 mj2 K  mjj12 KiYj1 m ð^r ÞD Km;k
ð^s Þ;
2

ð5Þ

ð6Þ

with
Yj1 ;m ð^r Þ ¼ Yj1 ;m ð1 ; 1 Þ;
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2j2 þ 1 j2
j
2

sÞ ¼
D Km;k2 ð0; 2 ; 2 Þ;
D
Km;k2 ð^
4

ð7Þ
ð8Þ

 ¼ jKj and " is the parity of wavefunction under space-inverse operation.
where K
The time-dependent wave function is thus expanded in the parity-adapted
rotational basis functions as:
X
X
MK"
Jtot M" ¼
c Jntot
R nr nu j12 j1 j2 k2
nR ;nr ;nu Kj12 j1 j2 k2

^ ^r ; ^s Þ;
 ðtÞGnR ðRÞFnr ðrÞHnu ðÞ Jj12totjMK"
ðR;
1 j2 k2

ð9Þ

MK"
where c Jntot
ðtÞ are time-dependent coe±cients. nR , nr and n are labels for
R nr nu j12 j1 j2 k2
the basis functions. GnR ðRÞ are sine basis functions and the basis functions Fnr ðrÞ
and Hnu ðÞ are obtained by solving one-dimensional reference Hamiltonians, de¯ned
as follows:

hr ðrÞ ¼ 

1 @2
þ v ref
r ðrÞ
2r @r2

ð10Þ

and
vib
þ v ref
hu ðÞ ¼ K NH
u ðÞ;
2

ð11Þ

ref
where v ref
r ðrÞ and v u ðÞ are the corresponding reference potentials.

3.2. Calculation parameters
In this work, L-shaped techniques were used to reduce the size of basis set.43 A total
of 96 sine basis functions are used for R ranging from 1.5 Bohr to 13.0 Bohr and 36
nodes are placed in the interaction region. About 6 and 25 basis functions for r are
used in the asymptotic and interaction regions, respectively. For the NH2 bending
mode, six basis functions are used. The size of the rotational basis functions is
controlled by the parameters, j12 ¼ 56, j1 ¼ 28, j2 ¼ 28 and k2 ¼ 28. Considering
parity and C2v symmetry, the size of rotational basis functions is 76,000 and the
number of nodes for the integration of the rotational basis set is 719,055. The size of
the total basis functions is 5:75  108 and the number of nodes for potential energy
calculation is 5:436  109 .
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Fig. 3.

Contour plot of PES (in eV) in the Jacobi coordinate (R; r). The unit of coordinates is Bohr.

3.3. Results and discussions
Three initial states are considered: (1) Both H2 and NH2 on their ground state
(denoted as (0,0) state); (2) The bending mode of NH2 is excited (denoted as (0,1)
state), and (3) H2 on its ¯rst vibrational excited state (denoted as (1,0) state). For
the H2 molecule, the zero point energy is 2171.2 cm1 and the energy of the ¯rst
excited state is 6323.8 cm1 , corresponding to transition frequencies of 4206 cm1
(0.522 eV). In this seven-dimensional model, only the bending mode of NH2 is considered when the excitation energy is 1530.1 cm1 (0.188 eV).
Figures 4(a) and 4(b) show the total reaction probabilities as a function of
translational energy and total energy for three initial states, together with the
probabilities calculated on CE-PES. For the ground state, the reaction probability
rises at 0.35 eV and is about 0.007 when the collision energy is close to the barrier
height of 0.43 eV, therefore showing a slight quantum tunneling e®ect. Such a
behavior could be found for the probability on both CE-PES and this PES.24 As for
the excitation of the bending mode of the NH2 radical, the probability is slightly
larger than that of the ground state. This means that the excitation almost does not
enhance the reactivity signi¯cantly. On the contrary, the excitation of NH2 bending
mode slightly hampers the reaction on the CE-PES. As for the excitation of the H2
molecule, only a part of the excitation energy, about 0.2 eV out of 0.522 eV, is used to
enhance reactivity. These values are the same as that obtained on the CE-PES. The
1350054-7
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(a)

(b)
Fig. 4. (a) Total reaction probability for the H2 ð 1 Þ þ NH2 ð 2 Þ reaction as a function of translational
energy. (b) Same as (a) except plotted as a function of total energy.
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curves of probability with two PESs are very close and indicate that both PESs
re°ect important futures of this reaction. Also, one may note that the probability
with the interpolated PES is overall slightly larger and smoother than that with
CE-PES.
The ICS for a speci¯c initial state is obtained by summing the total reaction
probabilities over all the partial waves:
v1 j1 v2 j2 ðEÞ ¼

1
 X
ð2Jtot þ 1ÞP vJ1totj1 v2 j2 ðEÞ:
ð2j1 þ 1Þð2j2 þ 1Þ 2E J

ð12Þ

tot

The exact close-coupling calculations for Jtot > 0 state are computationally
expensive and the centrifugal-sudden (CS) approximation is employed in the calculations for Jtot > 0. The maximum value up to Jtot ¼ 50 is used to converge
the ICS calculation. Figures 5(a) and 5(b) show the ICSs for the three initial states
as a function of collision energy and total energy, respectively. In accord with
the reaction probabilities in Fig. 4, the reaction from the ground state contributes the most. However, for the total energy above 1.15 eV, the ICS for the
reaction initially H2 excited state is larger than that of the ground state, as shown in
Fig. 5(b).
By comparing the breaking H2 bond length in reactant/transition state (0.734 
A
versus 0.887 
A) and the forming NH bond length in product/transition state (1.317 
A
versus 1.015 
A), the H2 þ NH2 reaction, this reaction is with an \early barrier". The
calculated ICS could then be explained by Polanyi's rule44: the translational energy
is more e®ective than the vibrational energy to enhance the reactivity.
The rate constants for the three initial states are calculated from the total reaction probabilities as:

1=2 X
Z 1
2
ri ðT Þ ¼
ð2J
þ
1Þ
expðEt =kT ÞP vJ1totj1 v2 j2 ðEt ÞdEt ;
ð13Þ
tot
ðkT Þ3
0
J
tot

for T ¼ 2002000 K. The CS approximation and the J-shifting approximation were
employed. The main contribution to the thermal rate constants comes from the
ground state, in accord with the results of reaction probability calculations. The
thermal rate constants calculated with the interpolated PES are generally overall
larger than that with CE-PES, except at very low temperature. All available
experimental values for this reaction collected in NIST Kinetic Database45 are used
to validate this PES. It is very interesting to note that the rate constants calculated
with CE-PES37 agree well with the measurement values at high temperature about
9002000 K. While at intermediate temperature, the rate constants with the new
interpolated PES are more accurate. This indicates the new PES is accurate at low
energy but needs to be improved for higher energy region. However, one may note
that these experimental rate constants show inconsistency as they are not very
smooth as depicted in the Fig. 6.
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(a)

(b)
Fig. 5. ICSs for the H2 ð 1 Þ þ NH2 ð 2 Þ reaction as a function of translational energy. (b) Same as (a)
except plotted as a function of total energy.
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Fig. 6. Arrhenius plot of the initial state-selected rate constants.

Fig. 7. Arrhenius plot of the experimental and calculated thermal rate constants. The experimental
measurements are taken from NIST Kinetic Database.45
1350054-11
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4. Conclusions
The time-dependent wave packet calculations have been carried out for H2 þ NH2
reaction with a seven-dimensional model on a new interpolated ab initio PES. In the
seven-dimensional model, NH2 keeps C2v symmetry and the NH bond lengths are
¯xed. The interpolated PES is constructed with Collins' modi¯ed Shepard interpolation scheme and contains 1967 data points. The ab initio calculations were
carried out with UCCSD(T) method and with aug-cc-pVTZ basis set.
The reaction probabilities and the ICS for the reactants initially at, their ground
states, when H2 stretching and NH2 bending mode are excited, are obtained and
compared with the results calculated with Corchado and Espinosa-García's PES.
The probabilities obtained with the new interpolated PES are about 30% larger than
that with CE-PES. The conclusions drawn from calculations with two di®erent PESs
are generally similar: only part of the H2 stretching excitation energy is deposited to
promote the reaction while the excitation of NH2 bending mode has no e®ect on
enhancement of reactivity. And the translational energy is more e±cient than
vibration energy to accelerate this reaction with \early barrier", as predicted by
Polanyi's rule.
The thermal rate constants calculated with the interpolated PES are generally
overall larger than that with CE-PES. When comparing with the theoretical
results with experimental measurements, the agreement is very good for the rate
constants with CE-PES at high temperature between 900 K and 2000 K. While at
intermediate temperature (from 293 K to 730 K), the rate constants calculated with
the interpolated PES are almost coincident with the experimental values. These
comparisons indicate that this interpolated PES is accurate for low energy region but
needs to be improved at high energy region. The approximations employed in this
work and the neglect of rotational and other vibrational excitations could be possibly
the sources of the discrepancy between experiments and calculations.
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