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Dynamics of the Au + H, reaction by time-dependent wave packet and
quasi-classical trajectory methods
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Dynamics of the Au+ H, reaction are studied using time-dependent wave packet (TDWP) and quasi-classical trajec-
tory (QCT) methods based on a new potential energy surface [Int. J. Quantum Chem. 118 25493 (2018)]. The dynamic
properties such as reaction probability, integral cross section, differential cross section and the distribution of product are
studied at state-to-state level of theory. Furthermore, the present results are compared with the theoretical studies available.
The results indicate that the complex-forming reaction mechanism is dominated in the reaction in the low collision energy
region and the abstract reaction mechanism plays a dominant role at high collision energies. Different from previous the-
oretical calculations, the side-ways scattering signals are found in the present work and become more and more apparent

with increasing collision energy.
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1. Introduction

Since the excellent catalytic effect of gold nano-cluster
on low temperature oxidation reaction of CO was found by
Haruta and co-workers!!! in 1989, a number of experiments
have been performed on nanoscale gold clusters. In addition,
properties of nanoscale gold clusters such as electronic, op-
tical, chemical, and catalytic were reported in previous theo-
retical studies.>! To further explore the properties of gold
and its clusters, a lot of theoretical studies have been carried
out for the reaction of transition metallic element Au and its

5.[10-201 Using the complete active space

ions with Hy molecule
self-consistent field (CASSCF) and configuration interaction
method, two low-lying electronic states of AuH; systems were
studied by Balasubramania and Liao!'! in 1988. The group
of Balasubramanian!'!! restudied the AuH, system in 2004.
In their work, the bending potential energy surface (PES) was
studied using the CASSCF/MRSDCI methods on three low-
lying electronic states of AuH, systems and they found that
there is a barrier on the path when the ground state AuH; sys-
tem decompose into Au(S) +H, channel. Using highly corre-
lated wave functions with atomic pseudopotentials and spin—
orbit interactions, the electronic structure, reactivity, and spec-
troscopy of the AuH; system were investigated by Chambaud
et al.!"?! in 2005.

As far as we know, there are few studies on dynamics of
the Au+H, reaction due to no global PES of AuH, systems
until 2010. The first global PES of the ground state of AuH»
system was constructed by Zanchet ef al., called the Zanchet
PES.[!3) In the ab initio calculation, multi-reference configura-
tion interaction (MRCI) method with one-electron Gaussian-
type basis set ECP60MDF?!l and augmented correlation-
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consistent polarization valence triple zeta (AVTZ)!*?! basis
set were employed. Then, the PES was constructed through
GFIT3 C procedure!>-2%! by fitting 2376 ab initio points.
Based on the Zanchet PES, some dynamics studies have been
performed. For example, the reactions of Au with H, and
its isotopic variant HD, D, were studied by Yuan and co-

14151 ysing the time-dependent wave packet (TDWP)

workers
and quasi-classical trajectory (QCT) methods. The dynamic
properties such as reaction probability, integral cross section
(ICS), and differential cross section (DCS) were studied at
state-to-state level of theory. The Zanchet PES with relative
little ab initio points and the basis sets used in the ab initio
calculation also have a space to improve. Thus, Yuan and
co-workers rebuilt the PES of the ground state of the AuH;
system by fitting 22853 ab initio points with neural network
method (YLYC PES).['% In their work, the dynamics calcu-
lation was also performed at the initial state (vo = 0, jo = 0)
and the reaction probability, ICSs and DCSs were calculated
in the collision energy range from 0.01 eV to 1.0 eV. In addi-
tion, there are also some studies on the reactions of gold ions
with H, molecules. 17201

As discussed above, the reaction of Au with H, and
its isotopic variant HD, D, were well studied based on the
Zanchet PES. However, there are few theoretical studies of the
Au +H,/HD/D; reaction based on the new YLYC PES which
is more accurate than the Zanchet PES at state-to-state level
of theory. Thus, the aim of the present work is to perform
the dynamics calculation at state-to-state level of theory and
to further understand the reaction mechanism. This paper is
organized as follows: the theory of TDWP and QCT meth-

ods are presented in Section 2. The state-to-state results and
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discussion are listed in Section 3, and the conclusions are de-
scribed in Section 4.

2. Theoretical methods
2.1. Time-dependent wave packet method

As one of powerful computational tool of chemical reac-
tion dynamics, the TDWP method is widely used in the atom-
diatom reaction?*-33] and the reaction involving polyatomic
molecules.’*31 For the Au+H, reaction in the body-fixed
reaction Jacobi coordinate, the Hamiltonian for a given total
angular momentum J can be written as

. ®oar w9t (J-))

H= s mor 2o " 2k " aure

6]

where J is the total angular momentum operator, J is the an-
gular momentum operator of the reactant diatom molecule,
is the reduced mass, and V is the potential energy.

Before the dynamics calculation, an initial wave packet
with specific initial state should be set up. The initial wave
packet consists of three parts: a Gaussian wave packet in the
space-fixed frame, a ro-vibrational eigenfunction of the H,
molecule, and a total angular momentum eigenfunction with
parity of system € = (—1)?7%_ The initial wave packet is pre-
sented as

pIME (1 = 0) =

V()]()l() G(R) ¢V0 (r)JO(G) |JM]010£> (2)
In the calculation, the second order split operator!®¢! is used
to propagate the initial wave packet. If the wave packet at
time 7 is '}’(1?, 7,1), then after a time step A;, the wave packet
W(R,#,t+ A,) can be written as

"P(R\,f,t—FAt) — eflVA‘/2heflTjAt/2hefl(Tr+TR)Al/he71TjAl/2h

xe VA W(R 7 1), 3)
where

Ty = (/= ) J2ueR? + 2 /20,7,
Tr = —h282/2,uR8R2,
T, = —h292/zﬂr3r2,

and V is the potential energy.

The reactant coordinates based method7-38]

is used to
extract the state-to-state S-matrix information. The body-fixed
time-independent scattering wave function can be obtained
through an orthogonal transformation matrix

J J
¢Vl:c:jv[L“*V()j()l() ( ) Z C\l]‘ [21 V‘ ];K‘ (—l()]()l() (E) (4)

In the space-fixed frame, using the asymptotic boundary con-

ditions, the state-to-state scattering matrix SV‘ o lvojolo AN be
obtained
1/2
211k,
Je . _ Vy Jv
(vaj‘,lVFvOjolo (E’RVO) - _A(E) < IJ.RV )

X S‘\{ijylVH\)ojolo (E) .Hlv (vaijVO)7 (5)

where A(E) is presented as

1/2
R _
A(E) = (“) /Hlo (kv joRa )G (Ra) AR, (6)

27k

where H is an outgoing Riccati—-Hankel function.

Then, through a standard transformation, the state-to-
state scattering matrix is transformed into the helicity repre-
sentation

v 20+ 1
J—1 1K
/K/<_WK Z 1 <J’ /1/0|JK/>
[2141
J .
XSv'j’K’eij TJrl(]KlOUK}. @)

Finally, the state-to-state ICS and DCS are obtained using the
state-to-state S-matrix

2
O-ijvev()]() ZZZ 2J+1 |S]V]\KL<*V0]OKO ! (8)
K, Ko J
dcv\szVojo (0’ E) _ 1
dQ 2jo+1
2
X ZZ’ e 2J+1)d1< Ko(ﬁ)SivijvevojoKo )

V()]O

where S/ K, 18 the state-to-state S-matrix, dlj(v K, (9) s

v jvKy<=vo jo
the reduced rotation matrix element, 9 is the scattering angle.

2.2. Quasi-classical trajectory method

Based on the YLYC PES, standard QCTB% calculations
for the Au+Hj; (vg =0, jo = 0) reaction were carried out in
the collision energy range from 1.5 eV to 3.0 eV, with steps
of 0.1 eV. The trajectories started at a distance between the
incoming atom and the center of mass of the H, molecule of
8.0 A, and 1000000 trajectories are sampled for each collision
energy. In the calculation of trajectories, the integration step is
set up as 0.02 fs to ensure the numerical stability. For the total
reaction probability of total angular momentum J = 0, the im-
pact parameter (b) is set as 0 and the reaction probability can
be obtained by the following formula:

pr=o — Rua. (10)
Ntra

where Ny, is the total number of trajectory, Ry, is the num-
ber of reaction trajectory. For the ICS and DCS calculation, b
is selected randomly in the range from 0 to maximum impact
parameter (bnax) and the trajectories are terminated as the dis-
tance of the two fragments larger than 8.0 A. The ICS and DCS
can be obtained through the formulae

Rtra b2

max>
Ntra

(I
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o _ Ry b No

@ B Ntra ZSII’I(%) T

where Ag is the angular step, Ng is the number of grids of

; (12)

angular direction.

3. Result and discussion

The YLYC PES is used in the present TDWP and QCT
calculations. The properties of the YLYC PES are listed in
Fig. 1. As shown in the figure, the Au+H; reaction is an
endothermic reaction and the endothermal energy is about
1.596 eV and it changes into 1.461 eV when the zero-point
energy is considered. There are a shallow well, a barrier and
a deep well along the minimum energy path. The depth of
the wells is —0.067 eV and 0.316 eV relative to the AuH+H
asymptotic channel and the barrier is about 1.296 eV higher
than the energy of AuH+H asymptotic region. Compared
with the Zanchet PES, the YLYS PES is more smooth and
has a deeper well. For more detail one can refer to the
literature. [16]

2.0

1.5

1ok AE=1.461 eV

AE=1.596 eV

Energy/eV

"""""" AE=1.296 ¢V

AE=0.316 eV |
0 y
- A
Au+H, AE=—0.067 eV
L 1 1 1 1
—18 -9 0
RHH_RAuH/BOhr

O

18

Fig. 1. The minimum energy path of the Au + H; reaction of the YLYC PES.

The parameters used in the TDWP calculation have large
effect on the final results, thus the numerical parameters
should be tested before calculation. A number of tests were
performed on the total reaction probabilities of total angular
momentum J = 0. Finally, the converged parameters were ob-
tained and also used in the J > 0 calculation. The parameters
are presented in Table 1.

Table 1. The numerical parameters used in the TDWP calculation (atomic
unit is used unless stated otherwise).

R € [0.01,15.0], Nigt = 255, Nt = 215,
7€ [0.0115.0], Nt = 215, Nagy =79,
j=0-99, N; =49

exp [f (R—R.)>? /2A,%] cos(koR).

R. =120, 4 =0.18

Grid/basis range and size

Initial wave packet

K-block min(J + 100)
Total propagation time 30000

Time step Ar=15
Highest J value 65

The total reaction probabilities of the title reaction at the
total angular momentum J = 0 are listed in Fig. 2 in the colli-
sion energy range from 1.4 eV to 3.0 eV along with the values
calculated by the QCT method. As shown in the figure, there is
a threshold about 1.461 eV, which is consistent to Fig. 1 when
the zero-point energy is considered. Some resonance peaks
can also be found on the TDWP reaction probabilities and the
resonance peaks become mild and less apparently when the
collision energy increasing. The resonance peaks can be at-
tributed to the deep well on the reaction path, which supports
a number of long life quasi-bound and bound states. With the
collision energy increasing, the life time of the complex be-
comes shorter, thus the resonance becomes less apparently at
high collision energies. From the figure we can find, the QCT
values are in general good agreement with the values obtained
from the TDWP method. This indicates that in the reaction
of Au+Hy, the quantum effect is not so obvious and the QCT
method can well describe the title reaction.

1.0
--4--—-4--—--4.._._4.._..4.---4-----4

z o8t
2
: —— TDWP

0.6
% -4 QCT
o
(e}
Z 04F
Q
[}
Q
foet

0.2+

oL , . | | |
1.5 2.0 S )

Collision energy/eV

Fig. 2. The total reaction probabilities of the Au+H, reaction at the total
angular momentum J = 0 along with the results of the QCT calculation.

4
this work (total) —-A—- Zanchet PES (total)
this work (v'=0) =—-@=- Zanchet PES (v'=0)
this work (v'=1) =—-4—- Zanchet PES (v'=1)
3l th?s work (v'=2) —-é—- Zanchet PES (v'=2) AQ‘A‘%
this work (v'=3) =-0O=- Zanchet PES (v'= 3)&‘5; -
this work (v'=4) C
|- -4—- this work (QCT)
=
< 2r
n
S
AAMQ *oele o000 4
1k o -® PN
0

15 20 2.5 3.0
Collision energy/eV

Fig. 3. The total and vibrational state-resolved ICSs of the Au+H;
reaction along with the QCT values and the results obtained from the
Zanchet PES.!'4!

The total and vibrational state-resolved ICSs are pre-
sented in the Fig. 3 along with the values obtained from the

123101-3
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Zanchet PESU'#! and the QCT calculation. As seen in the fig-
ure, the total ICS linearly increases with the collision energy
increasing and the values obtained from the QCT calculation
are in well agreement with the TDWP results. In addition,
the values in Ref. [14] are also in general agreement with the
present TDWP results. However, some discrepancies can still
be found between the present TDWP values and the results
obtained from the Zanchet PES. Firstly, the present values are
with a relative small threshold. Secondly, although the trend
of the values of Ref. [14] is similar to the present results, the
values in Ref. [14] are with higher amplitude at high colli-
sion energies. Thirdly, the present values are with more vibra-
tional states-resolved ICSs than the values in Ref. [14]. For the
state-resolved ICSs, the vibrational states are gradually opened

0.08

(a) E=18¢eV
—v'=0

0.06F vi=1

0.04r

ICS/A?

X10
0.02

ICS/A?

0.08

0.06

ICS/A?

0.04

0.02

ICS/A?

as the collision energy increases, and large difference can be
found between the present values and the results in Ref. [14]
when the vibrational state v/ > 0.

The ro-vibrational state-resolved ICSs of the title reac-
tion calculated by the TDWP method are presented in Fig. 4
at four selected collision energies. At the collision energy of
1.8 eV, there only exist two vibrational states (v/ = 0, 1), and
the peak of distribution is close to the highest rotational states.
More vibrational channels are gradually opened with more ro-
tational quantum number as the collision energy increases. It
is indicated that the total available energy is effectively trans-
ferred into the internal energy. High collision energy is with
more vibrational states and large rotational quantum number
because more energy is available.

0.09

(b) E=22eV

0.06

0.03

0.06

0.03

]

J

Fig. 4. The rotational distribution of AuH product at four selected collision energies.

The total DCSs of the Au+H, reaction at four selected
collision energies 1.8 eV, 2.2 eV, 2.6 eV, and 3.0 eV are plot-
ted in Fig. 5, as well as the QCT calculations and the val-
ues obtained in Ref. [14]. As seen in the figure, the forward
and backward scattering signals are observed in the four col-
lision energies and it tends to the forward scattering. Further-
more, the forward scattering signals become more apparent
with the collision energy increasing. The QCT calculations
are in good agreement with the TDWP results. This indicates
that the QCT method can well describe the title reaction. The
values in Ref. [14] are rather different from the present TDWP
result, especially at the low collision energies. The values in
Ref. [14] are almost forward-backward symmetric at the col-

lision energies 1.8 eV and 2.2 eV, whereas the present values

tend to the forward scattering. At high collision energies, the
present values and the results in Ref. [14] all tend to the for-
ward scattering. The DCS signals indicate that two reaction
mechanisms can be found during the reaction. At the low colli-
sion energies, the complex-forming reaction mechanism plays
a dominant role in the reaction, whereas the direct abstract re-
action mechanism is dominated at high collision energies.

In order to further understand the reaction mechanism,
the vibrational state-resolved DCSs of the title reaction at the
collision energies of 1.8 eV, 2.2 eV, 2.6 eV, and 3.0 eV are
displayed in Fig. 6. As seen in the figure, the product vibra-
tional states increase with the collision energy increasing. As
discussed above, this reflects that the collision energy is trans-

ferred into the internal energy effectively. At the collision ener-
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gies of 2.2 eV, 2.6 eV, and 3.0 eV, the forward-backward sym- In addition, an interesting phenomenon has been found that
metry scattering signals can be found on the vibrational ex-  the side-way scattering signals become more and more appar-
cited states and become higher as the collision energy increas-  ent as the collision energy increases. This indicates that there
ing. This reflects that the complex-forming reaction mecha-  is another reaction mechanism beyond the indirect complex-
nism ratio becomes lower when the collision energy increases. forming and direct abstract reaction mechanisms.

0.4 @ 0.4 )

——this work (TDWP) E=1.8 eV
——this work (QCT)

——this work (TDWP) E=2.2 eV
——this work (QCT)

: 0.3 Zanchet PES (TDWP) - 0.3\ \,——Zanchet PES (TDWP)
7 2
) o
i i 0.2k
wn 0
O O
a A
0.1
0 L L 0 L L
0 60 120 180 0 60 120 180
Scattering angle/(°) Scattering angle/(°)
0.6 0.9
(c) (d)
——this work (TDWP) E=2.6 eV ——this work (TDWP) E=3.0 eV
——this work (QCT) —— this work (QCT)
T‘a 0.4 ——Zanchet PES (TDWP) qu 0.6 ——Zanchet PES (TDWP)
: @
8 5
A 0.2t A 0.3
0 | | 0 1 1
0 60 120 180 0 60 120 180

Scattering angle/(°)

Scattering angle/(°)

Fig. 5. The total differential cross sections of the Au+Hj reaction at four selected collision energies along with the QCT values and
the results obtained from the Zanchet PES.[14]

0.3 0.24
(a) E=18¢eV (b) E=22eV
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0 . . 0 - .
0 60 120 180 0 60 120 180
Scattering angle/(°) Scattering angle/(°)
0.3 0.24
(¢) E=2.6¢eV d) E=3.0eV
'—0 —v'=0
) —v.=7 018 __Z;é
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~ ~
n n
2 o1t 2
0.06
0 ~ 0 \’\& :
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Fig. 6. The vibrational state-resolved DCSs of the Au+ Hj reaction at the collision energies of 1.8 eV, 2.2 eV, 2.6 eV, and 3.0 eV,

respectively.
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180

180 M

(b)

90

DCS/A2srt

DCS/A2.sr~?

Fig. 7. The rotational state-resolved DCSs at the vibrational state v/ = 0 of the four selected collision energies of 1.8 eV (a), 2.2 eV (b),

2.6 eV (c), and 3.0 eV (d).

In order to further understand the reaction mechanism, the
rotational state-resolved DCSs of the vibrational state v/ = 0 at
the four selected collision energies. As seen in the figure, at
low collision energy of 1.8 eV, it is almost forward-backward
symmetry scattering. However, the side-way signals become
more and more apparent when the collision energy increases
and the peaks are around 90° at a relative high rotational quan-
tum number.

4. Conclusion

The initial state vy = 0, jo = 0 dynamics calculation of
the Au+H; reaction was carried out in the collision energy
range from 0.01 eV to 1.0 eV. The TDWP method with the
second order split operator and the QCT method were used
in the dynamics calculations. The reaction probability, ICS,
DCS, the ro-vibrational state-resolved DCS and ICS were re-
ported and compared with previous theoretical studies. Some
discrepancies can be found between previous values and the
present results due to the different PESs used in the calcula-
tions. Furthermore, three reaction mechanisms were found
in the dynamics calculations, the complex-forming reaction
mechanism is dominated in the low collision energy region,
and the abstract reaction mechanism plays a dominant at the
high collision energies. In addition, the side-way scattering
signals were also found when the collision energy further in-
creases.
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