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State-to-state quantum dynamics of N(*D) + HD
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Yong Zhang(ik 5)"
Department of Physics, Tonghua Normal University, Tonghua 134002, China

(Received 27 June 2016; revised manuscript received 4 September 2016; published online 25 October 2016)

The N(2D)+HD (v = 0, j = 0) reaction has been studied by a quantum time-dependent wave packet approach with a
second-order split operator on the potential energy surface of Li ef al. (Li Y, Yuan J, Chen M, Ma F and Sun M J. Comput.
Chem. 34 1686). The rovibrationally resolved reaction probability, vibrationally integral cross section, and differential
cross section of the NH + D and ND + H channel are investigated at the state-to-state level of theory. The experimental data
of the thermal rate constant of two output channels is very scare, but the sum of the two output channels is in excellent
agreement with the experimental data which was reported by Umemoto et al. It may imply that the thermal rate constants

of the two output channels are accurate and reliable.
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1. Introduction

As an important prototype to study the reaction involved
nitrogen atom, N(®D) + H, reaction received considerable at-
tention both experimentally!!'='% and theoretically,!'!=>¢! be-
cause it plays an important role in atmospheric chemistry,
combustion of nitrogen-containing fuels, and explosion pro-
cesses.

From the experimental side, the nascent vibrational pop-
ulation ratios, the vibrational and rotational state distribution
of the N(°D) + H, reaction and its isotopic variants as well as
the rate constant of the N(2D)+ HD isotopic variant were re-

3-6.8] with improved experimental

ported by Umemoto et al.!
resolution. In order to produce the N(’D) atom, an intense
laser pulse at 275.2 nm was employed to irradiate a mixture of
NO and H,(D5) and the laser-induced fluorescence was used
to detect the products of the N(>D) + H, reaction and its iso-
topic variants. Employing a crossed molecular-beam exper-
iment, Alagia et al.l’%) detected the N(°’D) + D, reaction by
mass spectrometric and a forward-backward symmetry differ-
ential cross section (DCS) was observed at collision energy
165 meV and 220 meV.

Numerous theoretical calculations have been carried out
on the N(D) + H, system. With respect to the potential energy
surface aspect, using multi-reference configuration interaction
(MRCI) plus Davidson correction and aug-cc-pVTZ basis set,
Pederson et al." constructed a PES for N(3D) + H, reaction.
Ho et al.'?3! improved the PES which was reported by Peder-

.14 However, these PESs are not accurate enough,

son et a
the rate constant based on these PESs are always overesti-
mated. On the other hand, the vibrational levels of NH, are
strongly affected by the Renner—Teller(RT) coupling, which

is not included in previous theoretical calculation. So, many
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[25.38.39.41.46.47] Zave done lots of work for further im-

groups
proving the PES over the next few decades.

For the dynamic aspect, reaction probabilities, integral
cross section (ICS), DCS, rate constant, and isotope ef-
fect, etc. have been investigated by quasi-classical trajectory
(QCT),[7:9:11-14.20.21,24.2633,34.45.48,50.51.55] quantum dynamics

12,15,20,22,27-37,39,42-45,49,52,56] and statistical quan-

calculation, !
tum mechanical method.[18:2426401 However, there are few
works investigating the isotope effects of the N(°D) + HD reac-
tion at the state-to-state level of theory. In order to obtain more
accurate information and an accurate physical understanding
of the title reaction, the time-dependent quantum wave packet
(TDWP) method is employed in the state-to-state dynamic cal-
culation based on the PES of Li ez al.[*6! in the collision energy
range from 0 eV to 1.0 eV. This article is organized as follows.
In Section 2, the theoretical method is briefly introduced. In
Section 3, the results and discussion are presented, and the
conclusions are presented in Section 4.

2. Theoretical method

The Hamiltonian of the N(’D)+HD reaction in body-
fixed (BF) reactant Jacobi coordinates for a given total angular
momentum J can be written as

W 02 W 92
U, IR, 2Wy, I

=i, A

Iq =
zﬂraR%g 2“"0: rtzx

+V,
ey

where R and r are the atom—diatom and diatomic distances, re-
spectively. Ug, is the reduced mass between N atom and HD
molecule, y,, is the reduced mass of HD, Jis the total angular
momentum operator, and J is the rotational angular momen-
tum operator of HD.
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In a wave packet calculation, the initial condition of the
wave packet has to be set up before its propagation. The ini-
tial wave packet in space-fixed (SF) representation (vo, jo,lo)
can be constructed by using the Gaussian wave packet in the
R direction and it can be written as

JMe
lPOW()J()IO

(t=0)= G(Ra)¢voj0(ra)|JMjolog>a 2)

where |[JM jolo€) is the total angular momentum eigenfunction
in the SF representation with parity of system & = —1J0Fh,
®vjo(ra) is the rovibrational eigenfunction for the diatom
molecule HD, and G(Ry) is a Guassian wave packet

2\ Ra—RS)
G(Ry) = (m2> exp {(“12“) —ikeRy|.  (3)

To propagate the initial wave packet in the BF frame, one
should transform |JM jolo€) to its BF representation counter-
part as

IMjolog) = Y Cl¢, UM joKo)
Kg>0
= Y. G Difk, (2a)Yjok, @)
Ko>0

where Cl, k,, 18 the parity-adapted orthogonal transform matrix

between the SF and BF representation>’! and given by

c = \/ S/ s kIR,

where (jKI0|JK) is the Clebsch—Gordan coefficient.
During the propagation,

the fast Fourier transform
method is adopted to act as the radical kinetic energy operator
onto the wave packet combination with an L-shaped grid.®!
The generalized discrete variable representation (DVR) is used
to evaluate the action of the potential energy operator, in which
the wave packet is converted from the angular finite basis rep-
resentation (FBR) to a grid representation. To avoid the wave
packet reflecting back from the boundaries, a damping func-
tion is employed with the same form as that of Ref. [59].

The obtained BF scattering time-independent wave func-
tion from an initial state (vo, jj, lp) is obtained by an orthogonal
transformation matrix as

D5 1o (E) = LGk B ko (E)- (6)

Vujiy lv=vajolo vy Kyv<vajolo
The state-to-state scattering matrix $’¢ o v lo( Yv=8,7
in the SF frame can then be obtained by imposing the asymp-
totic boundary conditions,

2k, |
Vijy _
D5 vl (B3 Ru0) = —A(E) IJR] Steitve-vaiolo (EVEL (kg Rug) @)
where A(E) is defined as
1/2
HR,, d/ =

A(E) = | — R Hy, (kv Re)G(Re)dRq, 8
(E) Zﬂhzkvo,-o] 10( vojo a)G(Re)dRy (8)

where H is an outgoing Riccati-Hankel function.
Finally, the scattering matrix S’%, i hvvaiolo (E)
transformation

in the SF frame is transformed into the helicity representation by the standard

;20 41 [20+1
A1 .
Shik ik = Z ST 71 KUK ) S 57 VKIOVK). ©9)

By substituting the scattering matrix Sv Tl 0]010(

state-to-state 1ntegral Cross sections,

GVV]‘VFVOJ'O
vojo K

and the state-to-state differential cross sections,

doy,j, < vy (0, E)

G LEE

E) in the helicity representation into the standard formulas, we obtain the

(10)

V»J‘KM*VQIOKO

2

aQ 2]0 +1

where ¥ is the scattering angle between the incoming N + HD
reactants and the scattered NH + D/ND + H products. The ini-
tial state-specific reaction rate constant is calculated by ther-

mally averaging the translational energy of the corresponding

vojo

Z 2T+ D), k, (B)SV Ky ko | - (11)

Cross section as

8kT

1/2 -
W) (ko T) > /0 Ee EhTe, . (E)dE,

12)

b1 =
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where E is the translational energy, and k;, is the Boltzmann’s
constant.

3. Results and discussion

Li et al.'0! constructed a novel global PES of N + H; re-
action by using the multi-reference configuration interaction
(MRCI) approach. The major features of PES are the bond
stretching N-H-H and H-N-H configuration, and these fea-
tures are displayed in Fig. 1. As shown in Fig. 1, for a collinear
N-H-H configuration, the C., saddle point is found at about
Ryny = 1.532ap, Ry = 4.414a¢ and the saddle point with
a potential barrier height of 0.222 eV (5.12 kcal/mol). For
the linear H-N-H stretch model, a D., linear saddle point
is located at Ryyg = 1.8716ag and a potential well 4.128 eV
(95.19 kcal/mol) below the energy of the N(*D)-H, asymp-
tote. The adequacy of the PES for dynamic calculations has
been demonstrated in Ref. [51].

To obtain the optimal numerical parameters, many con-
vergence tests have been carried out for J = 0 as summarized
in Table 1. Meanwhile the state-to-state calculations for all
J up to 50 are conducted to obtain the convergent ICSs and
DCSs of the title reaction for collision energies up to 0.5 eV.
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Fig. 1. (color online) Contour plot of the PES for bond stretching N-H-H

(a) and H-N-H (b) linear configuration in internal coordinates (energies are
given in unit eV).

Table 1. Numerical parameters used in the dynamic calculations (all parameters are in atomic unit unless otherwise stated).

Grid range and size: R €[0.1,25]
r€[0.1,22.5]
Angular basis j: [0,95]
Initial wave packet: Ey=0.5eV
Matching plane: Ry =16
Absorbing potential: Cf =0.1
n=n=2

Total propagation time: 2000 iterations with A, = 15.0

Nit=215 Nt =150

NPt=195  NiM=75

§=0.18 Ry =15.0

C8=005 C}=012 C5=0.09

R, =215 R, =24 ra=204  r,=224

3.1. Reaction probability

The total and vibrational resolved reaction probabilities
of the two channels of N(’?D)+HD reaction for angular mo-
mentum J = 0 are shown in Fig. 2. As shown in Fig. 2,
the reaction probabilities of the two channels have an intrin-
sic threshold at E. = 0.02 eV. This threshold is smaller than
the barrier (0.0685 eV), which is located on the minimum en-
ergy reactive path. This may imply that the tunneling effect
is important in this reaction. Despite the dominance of the
deep well, the peaks of total and vibrational resolved reaction
probabilities are quite broad. This may indicate that the tran-
sition states are short lived for the large exothermicity. For the
NH +D channel, the reaction probabilities rise sharply near
the threshold energy and increase gradually as the collision
energy further increases. Whereas for the ND +H channel
the situation is opposite, the reaction probabilities decrease
slightly as the collision energy increases. Such phenomena
may be aroused by the different zero point energy of NH and

ND molecules. The vibrational resolved reaction probabilities
of the two channels are also collected in Fig. 2 as a function
of the collision energy. All the vibrational state population
decreases monotonically with increasing vibrational quantum
number in the collision energy from 0 eV to 1.0 eV. From the
Fig. 2, the vibrational state resolved reaction probabilities are
helpful to determine the contribution of each peak on the total
reaction probability.

The rotationally resolved reaction probabilities for the
two channels are listed in Fig. 3 as a function of collision en-
ergy. As shown in Fig. 3, there are many resonances which
were dominated by the deep potential well in the entrance
channel. For the NH + D channel, it seems irregular for differ-
ent product rotational states. Whereas for the ND + H channel,
the product rotational state j/ from O to 3 has similar peaks.
Besides, the amplitude of the NH + D channel is larger than
the ND +H channel, which may be aroused by the different
energy gap between NH and ND molecules.
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Fig. 2. (color online) Total and vibrational state resolved reaction probabilities of NH+D and ND +H channels are collected in the left and right panel,

respectively.
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Fig. 3. The rotational state resolve reaction probabilities of NH+ D and ND + H channels for the initial state (v = 0, j = 0) are collected in the left and right
panel, respectively.

3.2. Integral cross section

The total and vibrationally resolved ICSs of the two channels of the N(’D) + HD reaction are collected in Fig. 4 as a function

of collision energy. As shown in Fig. 4, the total ICS of the NH + D channel is monotonically increased with the collision energy.
The ICS of ND +H is also increasing in the collision range from 0 eV to 0.3 eV and it goes into a plateau as the collision
energy further increases. Summing populations of rotational states, the vibrationally resolved ICSs of the two channels of the

title reaction are also shown in Fig. 4. The product vibrational state population decreases with increasing the vibrational quantum

number. This may imply that more rotational states survived in low-lying vibrational states. There are also some mild resonances

which can be attributed to the deep well in the entrance channel and large exothermal feature.
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Fig. 4. (color online) The total and vibrational state resolved integral cross sections of NH+D and ND +H channels are shown in panels (a) and (b),
respectively.
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Fig. 5. (color online) The rotational state distribution of the NH + D channel at collision energies of 0.038, 0.101, 0.200, and 0.470 eV.

The rovibrationally resolved ICSs of the two channels are collected in Figs. 5 and 6 for several selected collision energies.
All the rotational distributions are inverted with a peak near the highest rotational states. As shown in Figs. 5 and 6, the number
of product vibrational states is almost not changed as the collision energy increases, which may imply that the total energy is

mainly transferred to the product translation energy. Comparing Figs. 5 and 6, the ND + H channel has more vibrational and
rotational state numbers.
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Fig. 6. (color online) The rotational state distribution of the ND + H channel at collision energies of 0.038, 0.101, 0.200, and 0.470 eV.
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3.3. Differential cross section

The differential cross sections of the two channels are displayed in panels (a) and (b) of Fig. 7 for some selected collision
energies. Both angular distributions are peaked at two extreme angles (0° and 180°) at all collision energies. All the figures
possess forward—backward symmetry, which may indicated that the insertion mechanism is dominated in the reaction and the

statistical model can work well for the title reaction.
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Fig. 7. (color online) The differential cross sections of NH + D and ND + H channels for some selected collision energies.

3.4. Thermal rate constant

The initial state specific thermal rate constants of the
N(*D) +HD reaction are plotted in Fig. 8 along with avail-
able experimental data.[®! The 12A” state is just one of the five
resulting from the degeneracy of the 2D state of the N atom.
So, a statistical factor of 1/5 was considered in the rate con-
stant calculation. The thermal rate constant contributed by ro-
tational excited states need to be thermally average included.
However, as the previous theoretical reports!?’-?3-3 the contri-
bution by the rotational excited state is very small. Although
only the initial state with jo = 0 was considered, it may be
closer to the thermal rate constant.

10—11
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Thermal rate constant/cm?®s~?

10-13
e total
@ cxperiment
10714 ' Il ' Il 'y
2.0 2.5 3.0 3.5 4.0 4.5 5.0

(1000/7) /K

Fig. 8. (color online) Initial state specific reaction rate constant for the two
channels of N+HD (v =0, j = 0) as well as the experimental data obtained
from Ref. [6].

For the two output channels of the N(ZD) + HD reaction,
the experimental data are very scare. The sum of the the-
oretical rate constant of the two output channels is 1.88 x
1072 cm? - 57!, which is in excellent agreement with the ex-
perimental datal®! (1.83+£0.12 x 10712 cm?-s~!) at the tem-

perature 7 = 300 K. It may imply that the rate constants of
the two output channels of the N(®D) + HD reaction are both
accurate and reliable.

4. Conclusion

The N(°D) + HD reaction with initial state (v = 0, j = 0)
was calculated by the time-dependent wave packet method in
the collision energies from 0 eV to 1.0 eV. The rovibrationally
reaction probabilities are investigated for total angular mo-
mentum J = 0. Some mild resonances have been found, which
can be attributed to the deep well in the entrance channel and
large exothermicity. The DCSs have forward—backward sym-
metry, which may indicate that the insertion mechanism is
dominated in the reaction. There are no experimental data
of the rate constant for the two channels of the title reaction.
However, the sum of the theoretical rate constant of the two
output channels are in good agreement with the experimental
data. This indicated that the rate constants of the two output
channels of the N(*D) + HD reaction may be both accurate and
reliable.
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