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A full dimensional quantum dynamical study for the bimolecular reactions of hydrogen molecule with amino radical for different isotopologues is reported. The nonreactive amino radical is described by two Radau vectors that are very close to the valence bond coordinates. Potential optimized discrete variable representation basis is used for the vibrational coordinates of amino radical. Starting from the reaction H 2 +NH 2 , we study the isotope effects for the two reagents separately, i.e., H 2 +NH 2 /ND 2 /NHD and H 2 /D 2 /HD+NH 2 . The effects of different vibrational modes excitations of the reagents on the reactivities are studied. Clear explanations about the isotope effects are also provided thoroughly including the influence of vibrational energy differences between the different isotopologues and the impact of tunneling effect.
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I. INTRODUCTION

H+NH 3 ↔ H 2 +NH 2 is the simplest five atomic reaction and plays a significant role in the combustion of ammonia. During the last two decades, after a long focus on molecular systems with three or four atoms [1][2][3][4][5][6][7][8][9][10][11][START_REF] Sun | Molecular Quantum Dynamics[END_REF][START_REF] Qiu | [END_REF] , scientists began to extend the full quantum-mechanical studies to molecular systems with more than four atoms in reduced dimensionality [14][15][16][17][18][19][20][21][22][23][24][25][26][27] or full dimensionality [28][29][30][31][32][33][34][35][36][37][38][39] .

As a result, the title pentaatomic reaction and its isotopically substituted analogs serves as a benchmark to develop various quantum mechanical methods.

Compared to the reaction H+NH 3 → H 2 +NH 2 , the reverse reaction H 2 +NH 2 was seldom studied. In 2007, Yang et.al. developed a seven dimensional model for the H 2 +NH 2 reaction in which the nonreactive NH 2 group keeps a C 2v symmetry and the rotation-vibration coupling in NH 2 was neglected. Their calculations were carried out using an analytical potential energy surface (PES) developed by Corchado and Espinosa-García, which accuracy was not sufficient enough. In 2014, a more accurate PES was constructed by Li and Guo (LG) using the permutation-invariant polynomial neural network (PIP-NN) method. They used more than 100,000 ab initio geometries at the UCCSD(T)-F12a/aug-cc-pVTZ level of theory and the fitting error of the PES was very small. Later on, Song et.al. performed a full dimensional quantum dynamics calculations on this PES.

In their model, a description in purely Jacobi coordinates was adopted. Influence of the excitation of the different vibrational modes and the rotation on the H 2 +NH 2 → H+NH 3 reaction have been examined in detail. In their calculations, the integral cross sections for most initial states were obtained using the so-called J-shifting (JS) approximation to reduce the expensive computational cost.

In the past several years, accurate quantum studies for the chemical elemental reaction involving five and six atoms have been made very significant progresses [28][29][30][31][32][33][34][35][36][37][38][39] . Our groups adopted a description of Jacobi-Radau mixed polyspherical coordinates, which proved to be efficient to deal with polyatomic systems such as H+NH 3 40 and H+CH 4 41 . During the reaction processes, certain parts of the molecular systems do not display motions of large amplitude and and move around a specific symmetry. Therefore, a subsystem strategy can be easily implemented to study those reactions. As have been shown in our previous papers for the reactions H+NH 3 40 and H+CH 4 41 , the nonreactive groups NH 2 and CH 3 do not change dramatically and thus can be both described using Radau coordinates, which are close to the valence internal coordinates. While the Jacobi coordinates are used only for the bond breaking and creating. Using these Jacobi and Radau mixed coordinates along with a potential-optimized discrete variable representation (PODVR) 42,43 even for the angular degree of freedoms can thus be applied. Consequently, a smaller number of basis functions is sufficient for the scatterring calculations. For the first time, we carried out full dimensional quantum studies for the H+CH 4 → H 2 +CH 3 system using time independent basis functions. This allowed us to shed light on the physics of these elementary reactions and also to demonstrate the efficiency of our description in mixed Jacobi/Radau coordinates combined with a PODVR approach for quantum scattering of reactions with 5 and 6 atoms.

In this field, isotope effects are often of great importance. In general, the change of the density of the energy levels as well as the difference of the tunneling effects can all be attributed to isotope (i.e. mass) effects. This is the reason why, to provide a detailed insight in the isotope effects for the bimolecular reaction H 2 +NH 2 , we study here the following five reactive systems in full dimensionality:

H 2 + N H 2 → H + N H 3 H 2 + N D 2 → H + N HD 2 H 2 + N HD → H + N H 2 D D 2 + N H 2 → D + N DH 2 HD + N H 2 → H + N DH 2 /D + N H 3
In our present method the nonreactive moiety amino molecular NH 2 /ND 2 /NHD is described using two Radau vectors [44][45][46] while the bond breaking and formation are described by two Jacobi vectors.

As aforementioned, this mixed coordinates have proven to be successful method in dealing with polyatomic systems especially with systems involving five or six atoms. In the above reactions, there exist indeed a nonreactive subgroup NH 2 /ND 2 /NHD 2 in which there is no motion of large amplitude. Compared to a description in Jacobi coordinates only, the fact that we use Radau coordinates for the 'semi-rigid" subgroup allows us to save basis set functions as have already shown in our previous studies. PODVR basis functions are then used for the three vibrational degrees of freedom including one angle and two radial coordinates for the nonreactive group NH 2 /ND 2 /NHD. This paper is organized as follows. Section II gives the definition of the coordinates and the kinetic energy operator for the reaction system XY+NZ 1,2 , as well as a brief description of the basis functions and time-dependent method. In section III, results and discussions for the five reactions are presented in detail. A brief summary (section IV), concludes the paper.

The coordinates used to describe the XY+NZ 1,2 systems are depicted in Fig. 1: they combine two Jacobi vectors ( R, r) with two Radau vectors ( R 1 , R 2 ). These vectors are parametrized in terms of spherical coordinates and correspond to a particular case of the so-called family of polyspherical coordinates [47][48][49] . More specifically, we use a separation into two subsystems 50 with two Radau coordinates for the molecule NZ 1,2 (similar to the approach in Ref. 46 ) and one subsystem with one Jacobi vector for XY. Since we use standard polyspherical approach, the z Body-Fixed axis for the NZ is the center of mass of NZ 1,2 , G Z 1,2 is the center of mass of the Z 1,2 group. More precisely, the canonical point is defined by

(AG Z 1,2 ) 2 = G NZ 1,2 G Z 1,2 × NG Z 1,2 . If we define r i = -----→ G NZ 1,2 Z i (i = 1, 2)
. the Radau vectors will have the following form:

R 1 = (1 -αm Z 1 ) r 1 -αm Z 2 r 2 , R 2 = -αm Z 1 r 1 + (1 -αm Z 2 ) r 2 , (1) 
with

α = (1 - M m N )/m Z 1,2 , (2) 
and

m Z 1,2 = m Z 1 + m Z 2 , M = m N + m Z 1,2 .
The Jacobi vector, R, is the vector from the center of mass of NZ 1,2 to the center of mass of XY molecular, and r is from Y atom to X atom. Therefore, the hamiltonian for the XY+NZ 1,2 reaction system can be writen as (h = 1),

Ĥ = - 1 2µ R ∂ 2 ∂R 2 + ( J tot -J 12 ) 2 2µ R R 2 - 1 2µ r ∂ 2 ∂r 2 + j 2 1 2µ r r 2 + TNZ 1,2 + V (R, r, θ 1 , θ 2 , ϕ 1 , ϕ 2 , R 1 , R 2 , θ) , (3) 
in which µ R = (m X + m Y )m N Z 1,2 m X + m Y + m N + m Z 1 + m Z 2 , (4) 
µ r = m X m Y m X + m Y . ( 5 
)
where J tot is the total angular momentum operator of the system, j 1 is the rotational angular momentum operator of XY. j 12 is the coupling angular momentum operator of j 1 and the rotational angular momentum operator j 2 of NZ 1,2 . V denotes the potential energy surface. If we define u = cos θ,u 1 = cos θ 1 and u 2 = cos θ 2 , the (non-Euclidean for the lengths of the vectors) volume element reads:

dV = dR dr du 1 du 2 dϕ 1 dϕ 2 dR 1 dR 2 du . (6) 
For the KEO of T N Z 1,2 , one can refer our previous papers 40,49 for more information. The T N Z 1,2 contains three parts,

TNZ 1,2 = Tvib + Trot + Tcor . (7) 
The vibrational parti reads:

2 Tvib = - i=1,2 1 µ i ∂ 2 ∂R 2 i -( 1 µ 1 R 2 1 + 1 µ 2 R 2 2 ) ∂ ∂u v 2 ∂ ∂u , (8) 
where

µ 1 = m Z 1 , µ 2 = m Z 2 , u = cos θ and v = sin θ.
The rotational part:

2T rot = j 2 2z ( 1 µ 1 R 2 1 sin 2 θ + cot 2 θ µ 2 R 2 2 ) + j 2 2 -j 2 2z µ 2 R 2 2 + cot θ µ 2 R 2 2 ( j 2x j 2z + j 2z j 2x ) . (9) 
The "coriolis" coupling part:

2T cor = j 2y sin θ µ 2 R 2 2 P u + P u sin θ µ 2 R 2 2 j 2y . (10) 
In time dependent wave packet methods, the wavefunction for the scattering calculation can be expanded as

Ψ( R, r, R 1 , R 2 , t) = nν 1 ν 2 j F nν 1 ν 2 j u νr n (R) × φ νr (r) φ R 1 (R 1 ) φ R 2 (R 2 ) φ θ (θ) Y JtotM K j ( R, r, R 1 , R 2 ) , (11) 
where n labels the translational basis, j denotes (j 1 j 2 j 12 k).

The rotational basis functions for the XY+NZ 1,2 system in the body-fixed frame can be written as

Y JtotM K j = m j 1 m j 2 K -m|j 12 K Y j 1 m ( r) Dj 2 K-mk ( R 1 , R 2 ), (12) 
where M and K are the projection of the total angular momentum J tot on the z-axis of spacefixed and body-fixed frames, respectively. k is the projection of the rotational angular momentum j 2 on the z-axis of NZ 1,2 frame. Y j 1m ( r) are the spherical harmonics for the XY molecule, Dj 2 K-mk ( R 1 , R 2 ) are the Wigner rotational matrices for the rotation of the NZ 1,2 molecule. They are defined as

Y j 1m ( r) = Y j 1m (θ 1 , ϕ 1 ), (13) 
Dj 2 K-mk ( R 1 , R 2 ) = 2j 2 + 1 4π D * j 2 K-mk (0, θ 2 , ϕ 2 ) . ( 14 
)
The initial wave packet is constructed as a product of a specific rovibrational eigenfunction (ν 10 ν 20 j 10 j 20 j 120 ) for reactants and a localized translational wave packet for R. The second-split operator method is used to propagate the wave packet 51 . As shown in our previous paper 41 , the time-independent wave functions will be calculated and the total reaction probability is calculated using the standard flux method at a dividing surface.

P i (E) = h µ r Im( ψ iE |ψ iE )| r=rs , (15) 
where ψ iE the first derivative of the time-independent wave function in r.

To calculate the integral cross section for a specific initial state, one needs to sum the reaction probabilities over all the partial waves (total angular momentum J tot )

σ ν 1 ν 2 j 1 j 2 (E) = 1 (2j 1 + 1)(2j 2 + 1) Kj 12 π k 2 E Jtot≥K (2J tot + 1)P Jtot ν 1 ν 2 j 1 j 2 K (E) , (16) 
where

k E = √ 2µ R E.
In this paper, the initial rotational quantum numbers j 1 and j 2 are restricted to zero. j 12 is the sum of j 1 and j 2 and thus also equal to zero.

III. RESULTS AND DISCUSSIONS

In this work the PES employed for the scattering calculations was constructed by Li and Guo (LG) Fabien: Ref. This PES has been used for many dynamical calculations and the comparison with experimental data has proven that the PES is very accurate Fabien: Ref. To reduce the computational effort for the present simulations, an L-shaped wave function expansion scheme is employed for R and r degrees of freedom (they are defined in Fig. 1). For the reactions H 2 +NH 2 /ND 2 /NHD, 70 grid points were used for R degree in a range of [2.0,12.0] a.u., and 30 grid points were used in the interaction region. For the breaking bond degree r, 25 and 5 vibrational basis functions were used in the interaction region and in the asymptotic region, respectively. For the two Radau radial coordinates, R 1 and R 2 , 3 PODVR vibrational basis functions were use for each of them. Eight PODVR functions were used for the θ degree in the nonreactive subgroup NH 2 /ND 2 /NHD. For the rotational basis functions, we used j 1max = 24 for H 2 , j 2max and k max =15

for the nonreactive amino radical, which results in a total number of 99, 709 functions for J tot =0 by including the symmetry of H 2 . When H 2 is replaced by D 2 or HD, the total number of grid points for R is equal to 86 in including 33 grid points in the interaction region. The number of basis functions for r is also increased: 30 functions in the interaction region. The value of j 1max is equal to 28 and the number of rotational basis functions are equal to 122, 091 and 238, 579, for the reaction D 2 +NH 2 and HD+NH 2 , respectively.

Due to the large computational efforts in the coupled-channel (CC) calculations, which include all the K-block for different J tot , the centrifugal-sudden (CS) approximation was applied in this work. Under the CS approximation, K (the projection of total angular momentum on the bodyfixed z axis) is a good quantum number and the couplings between different K are neglected. In the previous studies for the atom-polyatomic reactions such as H+H 2 O and H+CHD is the strongest and for the H 2 +ND 2 is the weakest. With the increase of the energy, the ICS for the H 2 +NH 2 becomes the largest, reaches a value of 4 a 2 0 at the energy E = 1.47 eV. At the same energy, NH 2 is the lightest among the three amino isotopologues and it moves faster than the other two with respect to H 2 . The differences of ICSs for there three reactions in the high energy region is apparently due to the fact that the product NH 3 moves the fastest and NHD 2 moves the slowest compared to others during the collision with the incoming H 2 molecule. shows that there is a crossing point for the three curves at total energy of 0.87 eV (Fig. 2 (b)).

While for the first overtone of the bending excitation states (020), the crossing point for the three curves becomes higher, around E = 1.4 eV (Fig. 2 (c)). In Figs. 2 (b) or 2 (c), the ICS for the reaction H 2 +ND 2 is the largest from the threshold to the crossing point, while the reaction H 2 +NH 2 is the lowest in the same energy region. When the energy is higher than the crossing point, the re-sults are reversed. As can be seen in the Table I, the vibrational energies for the bending excitation states for ND 2 are the lowest because of the two heavy atoms D in ND 2 . In contrast, the vibrational energies for NH 2 are the highest for the two light H atoms. When compared with the results of the ground states of the three reactions, the results for the bending excitation modes of regents as shown in Fig. 2 can be understood naturally. Moreover, one can see that the curves for the three reactions increase monotonously in the whole energy region. If the bending vibrational energies for the initial reactants are excluded from the total energy, one can find that the bending modes have little effect on the reactivity for each reaction. This conclusion is in agreement with the predictions of SVP (Sudden Vector Projection) model as well as the results of Song et.al Fabien:

Ref.

In Fig. 3, we present the ICSs for the stretching excitation modes for initial reagents NH 2 /NHD/ND 2 .

There are two results for the reaction H 2 +NHD that are given in Fig. 3 (a) and 3 (b) since there are two different localized stretching vibrational modes. By visual inspection of these figures, we clearly see that when the reagent NHD is initially in ND stretching excitation mode (100), the reactivity will be the largest in the whole energy region. While when the initial energy is in the initial NHD stretching state (001), the enhancement on the reactivity is the lowest. One can understand this finding easily by attributing it to the fact that the vibrational energy ND (100) is much lower than for NH (001) in the NHD molecule (see Table I). For the two stretching excitation modes, the thresholds for the reaction H 2 +NH 2 are almost the same as for the reaction H 2 +NHD starting from (001). In contrast, the thresholds of the reaction H 2 +ND 2 are very close to the reaction H 2 +NHD starting from (100). Whereas the stretching excited energies for NH 2 and ND 2 are close to the vibrational energies NHD (001) and NHD (100), respectively. It is thus very natural to obtain these results. In Fig. 3 (a) and 3 (b), there also exist crossing points for the ICS curves for the reactions H 2 +NH 2 and H2+ND 2 which are similar to what we observed in the Fig. 2 (a) and 2 (b) for the reagents NH 2 /ND 2 /NHD with initial excitations in the bending excitation states. Likewise, the behaviors for these results can be explained simply as follows: in the low energy region, the total energy deposited in the vibrational modes involving the D atoms (ND 2 ) induces larger reactivities because of its lower vibrational energy comparing with NH 2 , while in high energy region the heavier product (m(NHD 2 ) > m(NH 3 )) leads to a lower velocity and reduces the reactivity.

Finally, when we look at Fig. 3 (a) and 3 (b) together, one can see that the two figures are very similar except that there is a small energy shift. The bond lengths of the NH or ND in the nonreactive group NH 2 /ND 2 /NHD are equal to 1.937 a 0 and 1.936 a 0 for the reagent and transition state, respectively. As in the previous studies performed by Yang et.al. Fabien: Ref, the seven-dimensional model by fixing the two NH bonds in NH 2 , which is called the spectator-bond approximation, agrees well with the full dimensional results. Herein, our results for the three isotopic reactions have clearly shown that the initial stretching excited of the reagent NH 2 /ND 2 /NHD has little effect on the reactivity for each reaction.

Next, we investigate the isotope effects for the reagent hydrogen molecule, i.e., H 2 /D 2 /HD+NH 2 . Fig. 4 shows the ICSs for the reaction H 2 /D 2 /HD+NH 2 (ν 1 =0,1) + NH 2 (000) as a function of total energy. For the reaction H 2 /D 2 +NH 2 , the values of ICSs have been divided by 2 because of the H 2 /D 2 symmetry. While for the reaction HD+NH 2 , there exist two reaction channels and the product can be either H+NDH 2 or D+NH 3 . The coordinates for the reaction system, shown in Fig. 1, allow us to distinguish clearly the two reaction channels thanks to the coordinate θ 1 . In our calculations, the θ 1 is about equal to 17 • at the NH 4 saddle point. When the H atom is replaced by the D atom, the flux that contributes to the NDH 2 product will be characterized by small values of θ 1 corresponding to configurations in which the D and N atoms are facing each other to form the NDH 2 product. In contrast, the flux characterized by large values of θ 1 corresponds to configurations in which the H atom is facing the N atom to form the product NH 3 . We see that strong steric effect exist in the HD+NH 2 reaction.

In Fig. 4 (a), the ICSs for the reaction H 2 +NH 2 and D 2 +NH 2 are very close and the energy threshold for D 2 +NH 2 is slightly higher. The curves for the reaction HD+NH 2 show that the H+NDH 2 product channel is favored. This result is similar what is observed for the HD+OH reaction. Overall, the four curves increase steadily with the increase of the energy. At the total energy of E = 1.4 eV, the value of ICS for the reaction HD+NH 2 →H+NDH 2 is about 2.52 a 2 0 and the ICS for the reaction HD+NH 2 →D+NH 3 is about 1.18 a 2 0 . When comparing with the ICSs for the reaction H 2 +NH 2 and D 2 +NH 2 , the average of the two channels for the reaction HD+NH 2 is also very close to these values. When the reagents H 2 /D 2 +NH 2 are initially excited starting from the ν = 1 state, the reactivities for all the reactions are enhanced significantly as shown in Fig. 4 (b). When giving comparisons between Fig. 4 (a) and 4 (b), we found that the threshold energies for the ground state (ν 1 = 0) are lower than the excited state (ν 1 =1) which indicates that the total energy deposited in translational energy is more effective on the reactivity than the initial H 2 /D 2 /HD vibrational energy in the low total energy region.

Since there exist two channels for the reaction HD+NH 2 , we give the branching ratio of the ICSs between the two products H+NDH 2 and D+NH 3 for the reagent HD initially in two different states (ν 1 =0 and 1): they are as shown in Fig. 5. The two curves rise sharply in the low energy region then continue smoothly with the increase of total energy. Apparently, the ratio for the reaction channel HD initially in its ground state is larger than for the channel with HD initially in an excited state in the given energy region. In addition, for the HD (ν 1 = 0) initial ground state, there is a peak around the total energy at E = 0.53 eV. Specifically, in the very low energy region the D+NH 3 product is dominant because of stronger tunneling effect involving the H atom in the reagent HD for the two channels. While at high energies, the D-transfer reaction channel is much more effective than the H-transfer reaction channel. The similar feature on the ratio were also observed in the reaction HD+OH→H+HOD/D+H 2 O.

IV. SUMMARY

A full dimensional study has been carried out for the reactions H 2 +NH 2 /ND 2 /NHD and H 2 /D 2 /HD+NH 2 based on a description of a combination of Jacobi and Radau coordinates. As in our previous studies on H+NH 3 and H+CH 3 , Radau coordinates were used for the nonreactive moiety NH 2 /ND 2 /NHD and PODVR basis functions are used to save the computational efforts.

Our principal aim in this work is to study the isotope effects. For this, we performed extensive calculations describing the effects on the reactivities of the vibrational excitation of the two reagents and for their isotopologues. For the reagents NH 2 /ND 2 /NHD initially in ground state, the ICS for the reaction H 2 (ν=0)+NH 2 gives rise to the largest ICS and the reaction H 2 (ν=0)+ND 2 is the lowest in the high energy region. When the reagent amino is initially in excited states, the vibrational modes exciting involving N-D will lead to lower thresholds than the vibrational modes excitation involving N-H. The behaviors in the threshold region are mainly attributed to the differences of the vibrational energies of the modes involving N-H or N-D. Generally speaking, the energy deposited in the NH 2 /ND 2 /NHD bending or stretching modes is less efficient in promoting reactivity than translational energy for the reactions. For the reactions H 2 /D 2 /HD+NH 2 , the energy deposited in the H 2 /D 2 /HD vibrational excitation will inhibit the reactivities in the lower energy region but enhances the reactivities in the high energy region. The reaction D 2 (ν 1 =1)+NH 2 (000) possesses the lowest threshold energy due to its lowest vibrational excitation energy. The tunneling and steric effects play important role in the reaction HD+NH 2 since it contains two competitive product channels. 
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 2 Fig. 2 also depicts the ICSs for excitation of the bending vibrational mode for the H 2 +NH 2 /NHD/ND 2 reactions. For the first bending excitation states (010) of NH 2 /NHD/ND 2 , the curves for the three reactions show the same trends as for the ground state. A closer look at the low energy regions
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 2212 FIG.1. The Jacobi and Radau vectors for the XY+NZ 1,2 system. A is the "canonical" point of NZ 1,2 , G is the center mass of the NZ 1,2 . R 1 and R 2 are the Radau vectors. R and r are two Jacobi vectors.
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 345 FIG.3. Same as Fig.2but for first stretching excited states (100) and (001).

  1,2 is parallel to one of the two Radau vectors and the kinetic energy operator (KEO) can then been straightforwardly derived from the polyspherical formulation. defined as the geometric mean of NG Z 1,2 and G NZ 1,2 G Z 1,2 . Here, N refers to the N-atom, G NZ 1,2

	The Radau vectors 44-46 R i (i=1,2) are the vectors	--→ AZ i with A the "canonical" point of NZ 1,2

  3 , it has been shown that the CS approximation underestimates integral cross sections (ICSs) Fabien: Ref. On the contrary, for bimolecular reactions such as H 2 +OH and H 2 +NH 2 , the CS approximation leads to results close to the exact CC calculations Fabien: Ref. Keeping this in mind, we think that the CS approximation employed in this study is suitable and can give very reasonable results. Exten-the reagents. Table I lists the vibrational energies for the reactants NH 2 /ND 2 /NHD. (010) and (020) denote the first and second bending excitation states. For NH 2 /ND 2 , (100) and (001) denote the first symmetric stretching excitation state and first antisymmetric stretching excitation state. For the NHD molecular system, (100) denotes the fundamental of the stretching mode of ND while (001) denotes the fundamental of the stretching mode of NH.Mode selectivity is of great important in elemental chemical reactions. We will first examine how the excitation of vibrational modes for the three different reagents NH 2 /NHD/ND 2 change the reactions with H 2 initially in its ground state. For the sake of clarity, we will present the results for the excitation of the same type of vibrational mode on the same figure. In this paper, the total energy is given relative to the ground state energy for the two reactants. Fig.IVgives the total reaction probabilities as a function of total energy for the NH 2 /NHD/ND 2 initially in their ground states and after bending excitations for J tot = 0. Globally, the ICS curves for these three initial states increase monotonously in the energy region of interest. For the NH 2 /NHD/ND 2 ground state

sive calculations, where the total angular momentum J tot was increased up to 80, were carried out to yield CS ICSs starting from the ground state and several vibrationally excited initial states for the five reactions.

In order to carry out the scattering calculations, one first needs to obtain the initial vibrational states for (000), as shown in Fig.

2

(a), the energy threshold for the three reactions is almost the same (about 0.43 eV). According to the abinitio calculations, the energy barrier for the H 2 +NH 2 →H+NH 3 is about 0.414 eV. If one takes into account the zero point energies (ZPE) of the reactants, the ZPE corrected barrier height will be around 0.489 eV, 0.464 eV and 0.476 eV for the reactions H 2 +NH 2 , H 2 +ND 2 and H 2 +NHD, respectively. Apparently, the tunneling effect for the H 2 +NH 2

TABLE I .

 I Vibrational energies for j 2 = 0 (without rotation) levels (in cm -1 ) for N H 2 , N D 2 andN HD.

	State	N H 2	N D 2	N HD
	(010)	1501.80	1113.86	1323.73
	(020)	2965.35	2205.92	2621.14
	(100)	3215.68	2358.55	2400.85
	(001)	3292.50	2455.28	3256.55

Acknowledgments The project was supported by the National Natural Science Foundation of China (Nos. 21433009, 21688102, and 21703243), the Chinese Academy of Sciences(Grant No. XDB17010000). F.G. thanks "French Chinese Network in Theoretical Chemistry" (GDRI 0808) for financial support.

Data Availability Statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.