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The exact three-dimensional nonadiabatic quantum dynamics calculations were carried out for the title reaction
by a time-dependent wave packet approach based on a newly constructed diabatic potential energy surface
(Kamisaka et al.J. Chem. Phys.2002, 116, 654). Three processes including those of reactive charge transfer,
nonreactive charge transfer, and reactive noncharge transfer were investigated to determine the initial state-
resolved probabilities and reactive cross sections. The results show that a large number of resonances can be
observed in the calculated probabilities due to the deep well on adiabatic ground surface and the dominant
process is the reactive noncharge-transfer process. Some interesting dynamical features such asυ-dependent
and j-dependent behaviors of the probabilities are also revealed. In addition, a good agreement has been
achieved in the comparison between the calculated quantum cross sections from the ground rovibrational
initial state and the experimental measurement data.

I. Introduction

Electronically nonadiabatic transitions and their dynamical
effects on chemical reactions have recently become very hot
issues,1-7 and considerable efforts have been made in the
development of experimental techniques and theoretical schemes
to deal with the problems involving two or more potential energy
surfaces. In the nonadiabatic quantum dynamics field, the H3

+

system, and its isotopic variants can serve as a paradigm for its
simplicity (only three protons and two electrons) and its yet
rich dynamics information. This ion-molecular system has three
reaction channels, the reactive charge transfer (RCT), the
nonreactive charge transfer (NRCT), and the reactive noncharge
transfer (RNCT) with the first two channels induced by the
nonadiabatic transitions of the system. The underlying reaction
mechanisms for this reaction and its isotopic variants have been
extensively investigated in a large variety of experimental works
and theoretical calculations.8-21 In early experimental works,
Teloy et al. reported their measured integral reaction cross
sections for the H+ + D2

9 and D+ + H2
10 systems, while on

the theoretical side both quantum mechanical (QM) methods
and quasiclassical trajectory (QCT) methods have been devel-
oped and used in the nonadiabatic calculations for these reaction
systems. Last et al.11 calculated the cross sections and the opacity
functions for the charge-transfer process in the H+ H2

+ reaction
system, employing a time-independent method with coupled
states approximation. Ushakov et al.12 investigated the collinear
H+ + H2 system within a time-independent framework, and
revealed a strong dependence of the nonadiabatic transition
probability on the initial vibrational state of reactant H2. By
using Johnson’s hyperspherical coordinates and the iterative
Lanczos reduction propagation technique in a time-dependent
wave packet study, Markovic et al.13-15 presented their results
on the D+ + H2 system for the total angular momentumJ ) 0,
but they met with the problem of slow convergence due to the
deep well on the ground surface. Takayanagi and his co-works16

used the hyperspherical coordinate approach in their QM
calculations and the Tully’s fewest switches (TFS) method in
their QCT calculations, and presented the cumulative reaction
probability forJ ) 0. Further, the cross sections for the D+ +
H2, D+ + D2 and H+ + D2 collisions have been calculated by
Ichihara et al.17 using the TSH method on their ab initio 3× 3
diatomics-in-molecule (DIM) PES18 and the comparison be-
tween the calculated results and the experimental data revealed
the necessity of performing more accurate quantum calculations
for these reaction systems. A substantially extended work of
the previous studies for the D+ + H2 reaction was made by
Kamisaka et al.,19 and they calculated the cumulative transition
probabilities for J ) 0 for six adiabatic and nonadiabtic
processes of the (DH2)+ system by time-independent quantum
approach based on their newly construct potential energy
surfaces. Very recently, we have carried out an exact three-
dimensional wave packet studies for the D+ + H2 reaction
utilizing an extended split operator scheme (XSOS).20 Our
results demonstrated that the centrifugal sudden (CS) ap-
proximation is actually inadequate for this reaction system and
the close-coupled (CC) cross sections agree reasonably well with
the experimental values.

Extending on the recent work mentioned above, in this paper,
we performed the study for the ion-molecule collisions of H+

with D2, since the H+ + D2 reaction has not been extensively
subjected to thorough theoretical studies and no exact quantum
results comparable to experimental observables have been
achieved thus far. The quantum wave packet was propagated
over a collision energy range of 1.7-2.5 eV with the same
diabatic KBNN potential energy surface as that in ref 19, which
was a newly constructed surface consisting of 3× 3 DIM
potential matrix and three-body correction terms. By diagonal-
izing the KBNN potential matrix, we obtained the three adiabatic
potential energy surfaces, the ground 11A′ surface with a deep
well of about 4.0 eV, and two repulsive first and second excited
surfaces 21A′ and 31A′. The crossing seams between 1A′ and
2A′ surfaces lies in the region far away from the geometry of* Corresponding author. E-mail: klhan@dicp.ac.cn.
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the (HD2)+ complex. Clearly, the presence of the singlet deep
well, which is quite different from the abstraction reactions of
F/Cl + H2,23-28 will definitely challenge the present accurate
quantum calculations as being proved by the previous cases of
the O+ H2,29-32 H + O2,33,34 and C+ H2

35,36 reactions. To
better understand the role of the initial vibational excitation in
the reaction dynamics, we show, in Figure 1, the potential curves
of the diatomic molecules D2 and D2

+ with the depicted crossing
point and vibrational energy levels. It can be seen clearly that
υ ) 4 of D2 andυ′ ) 0 of D2

+ are the closest vibrational levels
to the crossing. In addition, the present investigated channels
are the following three channels,

The organization of the paper is as follows. Section II briefly
outlines the theory of the nonadiabatic time-dependent wave
packet (TDWP) treatment for the multisurface problem. The
calculated results and discussion are given in section III, and
we present the concluding remarks in section IV.

II. Theory

Since the TDWP method has been well documented in
numerous literature dealing with quantum scattering problems37-41

and the present theoretical treatment for nonadiabatic couplings
essentially follows our previous works,42-45 here we only give
a brief outline of this method with the extended split operator
scheme.

The Hamiltonian of the triatomic system in terms of the
reactant Jacobi coordinates can be written as (in atomic units)

whereµR is the reduced mass between the atom and the diatom,
µr is the reduced mass of D2, J is the total angular momentum
operator, andj is the rotational angular momentum operator of
D2. The interaction potentialV(R, r, θ) is defined asVKBNN -
Vr, here Vr is the diatomic reference potential, part of the
diatomic reference Hamiltonianh(r)

The time-dependent Schro¨dinger equation of the triatomic
reaction system can be written as

whereΨi (i ) 1, 2 or 3) is the component of the total unitary
wave function relating to each of the three potential energy
surfaces, each is expanded in terms of translational basis
Un

V(R), vibrational basisφV(r), and the body-fixed (BF) total
angular momentum eigenfunctionYjK

JMε(R,r).38 Since the CS
approximation has been found insufficient for an accurate
quantum calculation on the (DH2)+ system,20 it is also necessary
to carry out the exact close-coupled (CC) calculation for the
present system. In the CC calculation, the operation of the orbital
angular momentum (or centrifugal potential) operator on the
BF total angular momentum eigenfunction can be expressed
as46,47

andλ is defined as

Thus, through the centrifugal potential, differentK channels can
be coupled for the total angular momentumJ > 0.

The initial Gaussian wave packet is propagated by an
extended split operator scheme (XSOS)

whereT is the orthogonal transform matrix,T+ is the transposed
and conjugated matrix ofT, and∆ is the time step, andH0 and
Vrot are defined as follows:

The initial-state specified total reaction probabilities are finally
obtained on the surfaces of relevance by calculating the reaction
flux at a fixed surfaces ) s0,

Figure 1. Potential energy curves of the isolated D2 and D2
+ with the

vibrational energy levels (rotational quantum number of a diatomic
molecule is zero).
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for reactive process,s ) r andµ ) µr; for nonreactive process,
s ) R and µ ) µR. The total reaction cross sections are
calculated by

with k0 ) x2µRE andE is the collision energy.

III. Results and Discussion

The numerical parameters of the converged calculation are
as follows: 300 translational basis functions for theRcoordinate
in the range of 0.2-20.0a0 (among them 140 for the interaction
region). The center of the initial wave packet with the width of
0.35 a0 is located atR ) 12.0 a0, and the initial wave packet
has an average translational energy of 2.16 eV. 150 vibrational
basis functions for ther coordinate from 0.5 to 17.0a0, jmax )
100 for rotational basis, in the asymptotic region, 10 D2

vibrational basis functions and 130 pseudo-D2 are used, the total
propagation time is 35000 au, and the number ofK used in the
CC calculation is up to 5. A value ofJmax ) 59 was used in the
summation which is sufficient to converge the cross sections
in the investigated energy range. Besides, the much heavier
(HD2)+ reaction system also made the present calculation a more
tedious one as compared with the (DH2)+ system.

The calculated reaction probabilities for the ground rovibra-
tional initial state of D2 are shown in Figure 2. Because of the
deep well on the ground surface, there many sharp, overlapping
resonance peaks appeared in the reaction probabilities. As can
be seen, both the RCT and NRCT results display an overall
increasing trend with the increasing of the collision energy, while
the RNCT probabilities drop slightly as the collision energy is
increased. AtJ ) 0, the threshold energy value of about 1.88
eV was observed for RCT which is smaller than the corre-
sponding TSH value17(note that although a different PES was
used in TSH mothod, the relative large difference between 1.88
and 2.01 eV can be compared qualitatively) due to the quantum
tunneling effect, and compared with the (DH2)+ system,20 an
isotopic effect has been shown from the larger threshold energy
of the (HD2)+ system. The “energy shift” at largeJ’s caused
by the centrifugal barrier was also observed in the two processes.
The probabilities of both RCT and RNCT decrease with an
increasing total angular momentum nearly at each collision
energy, whereas an abnormalJ-dependent behavior of the
probabilities is observed for the NRCT in which the probabilities
do increase with increasingJ for low J’s of 0-10 and then
decrease for higherJ’s, this abnormal behavior probably arises
from that the centrifugal barriers caused by the lowJ values of
0-10 become higher to hinder the reaction, providing much
more chance with increasingJ for the reactant to be repelled
backward, thus the nonreactive scattering probabilities increase,
and the continued increase forJ make the centrifugal barriers
too high to access the crossing seam for charge transfer, in other
word, not only the occurrence of reaction but also the charge-
transfer processes are handicapped, so the probabilities decease
of higherJ’s for NRCT channel.

Figure 3 demonstrates the effect of the initial vibrational
excitation on the reaction probabilities forJ ) 0. A remarkable
increase in the RCT/NRCT probabilities is observed at the
vibrational excitation ofυ ) 3 and 4 as compared withυ ) 0

probabilities. Theυ ) 4 probabilities are larger thanυ ) 3
probabilities due to that the nonadiabatic transition occurs
effectively in the reagent arrangement at the initial vibrational
level closest to the crossing seam andυ ) 4 is the right
vibrational level as can be seen explicitly in Figure 1.
Meanwhile, the RNCT probability atυ ) 3 and 4 decreases to
an average of 25% and 30%, respectively. In Figure 4, the sum

PJ(E) ) ∑
i

1

µ
Im[〈ψi (E)|δ(s - s0)

∂

∂s|ψi(E)〉] (2.9)

σ(E) )
π

k0
2
∑

J

(2J + 1)PJ(E) (2.10)

Figure 2. Dependence of the reaction probabilities on collision energy
in the energy range of 1.7-2.5 eV withJ ) 0, 5, 10, 15, 20, and 25.
(a) Probabilities of the RCT process H+ + D2 (υ ) 0, j ) 0) f D +
HD+. (b) Probabilities of the NRCT process H+ + D2 (υ ) 0, j ) 0)
f H + D2

+. (c) Probabilities of the RNCT process H+ + D2 (υ ) 0,
j ) 0) f D+ + HD.
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of the υ ) 4 RCT and NRCT probabilities is always smaller
than theυ ) 4 RNCT probability until it becomes comparable
to the RNCT probability at a collision energy of 2.35 eV, and
this sum exceeds the RNCT probability only with the collision
energy above 2.45 eV. Besides, the nonadiabatic probability of
υ ) 4 was little enhanced by the translational excitation at
collision energies below 2.2 eV, yet the enhancement occurred
at higher collision energies. Such results show that the larger

nonadiabatic probability at high collision energy in comparison
with RNCT value forυ ) 4 probably arises from a joint effect
of the vibrational excitation and the translational excitation,
whereas the individual vibrational excitation ofυ ) 4 only leads
to a moderate increase in the nonadiabatic probabilities without
exceeding the RNCT probability at most collision energies. It
should be noted here that the vibrational excitation effects on
the present (HD2)+ system are somewhat different from the
previous (DH2)+ system in which the vibrational excitation of
υ ) 4 caused the always larger nonadiabatic probability than
the RNCT probabilities in the whole investigated collision
energy range. For this, we again attribute to the isotopic mass
effect of the reactant.

Figure 5 depicts the probabilities of the three channels for
reaction H+ + D2(υ ) 3, j ) 0,2) and the total angular
momentumJ equals to zero. The rotational excitation on the
three channels are quite different in that it has little effect on
the RCT channel while it enhanced the NRCT to some extent
and mildly decreases the RNCT probabilities. The results
showed that the rotational excitation of the reactant could also
enhance the nonadiabatic transition probabilities, particularly
for the NRCT process.

The present results thus provided a quantum picture for the
underlying reaction mechanism: analysis of the three reaction
probabilities shows that this reaction is dominated by an
insertion mechanism that occurred mainly on the ground 11A′
surface. However, the two excited states 21A′ and 31A′ may
also contribute to the underlying mechanism, especially for high
initial vibrational and rotational levels of the reactant or at high
collision energies. The general increasing trend of both RCT
and NRCT probabilities with increasing collision energies,
together with the decreasing trend of RNCT probability, suggests
that the underlying mechanism is progressively mediated by a
direct abstract mechanism for high collision energy. Further-
more, theυ dependence andj dependence of the three calculated
probabilities also revealed that the reaction occurred on the
excited surfaces could be facilitated by the vibrational excitation
or by the rotational excitation of the reactant D2. Particularly,
when the reactant is excited to its closest vibrational level of
υ ) 4 to the surface crossing, the nonadiabatic transitions
contribute most to the underlying mechanism of the reaction
system.

Figure 3. Reaction probabilities forJ ) 0 at vibrational levelsυ ) 0,
3, and 4 withj ) 0 of the reactant D2, respectively: (a) the RCT process;
(b) the NRCT process; (c) the RNCT process. Solid, dashed, and dotted
lines correspond toυ ) 0, 3, and 4, respectively.

Figure 4. Comparison between the sum of the RCT and NRCT
probabilities and the probability of RNCT at vibrational levelυ ) 4
with j ) 0 of the reactant D2. The solid line shows the sum of RCT
and NRCT probabilities, and the short-dotted line shows the probability
of RNCT.
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The cross sections for the ground rovibrational initial state
of D2 are shown in Figure 6. In the calculated cross sections,
the resonances still survive to some extent and leads to the
observable wiggling structures. Overall, there is an increasing
trend in the cross sections of the RCT and NRCT and a
decreasing trend in the RNCT over the whole investigated
energy range. The cross section of RCT shows noticeable
threshold energy of about 1.90 eV, a little different from the
threshold of 1.88 eV in the calculated probabilities. Again, the
calculated cross sections as a function of the collision energy

for the three channels provide an evidence for the dominant
role of the ground 11A′ surface and the roles of the excited
surfaces in the reaction mechanism as we discussed above. We
also present in Figure 6 the experimental cross sections36 and
the TSH calculated values17 for all three processes. There is an
overall agreement of the general trend in cross sections over
all collision energies considered between the present quantum
results and the experimental measurements, and the theoretical
and the experimental results at higher collision energies are in
better agreement than at lower collision energies. The present
quantum cross sections of the nonadiabatic transitions are
slightly larger than the corresponding TSH results. In addition,
the present quantum calculation yields a threshold of about 1.90
eV for RCT, which is in better agreement with the experimental
value of 1.86 eV than the TSH value of 2.01 eV.

The RCT/NRCT cross sections of H+ + D2 reaction (see
Figure 7) do not display an alternative ascending fashion as in
the case of the (DH2)+ reaction system in which the two
nonadiabatic channels are very competitive.20 It is observed that
the NRCT cross section is slightly larger than the RCT cross
section almost at each collision energy, indicating that in the
present reaction system the chance for the reactant to repel

Figure 5. Calculated reaction probabilities as a function of collision
energy for H+ + D2 (υ ) 3, j ) 0, 2) andJ ) 0: (a) for RCT; (b) for
NRCT; (c) for RNCT. Solid line denotesj ) 0, and short-dotted line
denotesj ) 2.

Figure 6. Present quantum cross sections in the collision energy range
of 1.7-2.5 eV, compared with the experiment measurements of E.
Teloy et al.9 and the TSH calculations of Ichihara et al.17 Solid line,
solid squares, and solid star correspond to the present results,
experimental data, and TSH results, respectively.

Figure 7. Comparison of cross sections between the two nonadiabatic
processes of RCT and NRCT.
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backward is a little larger than proceed forward to the product
side and thus results in the slightly preference of the NRCT
over the RCT in the two nonadiabatic processes of the same
order in magnitudes. The reasons probably lies in that the heavy
isotopic mass of the (HD2)+ system makes it rather difficult
for the reactant to surmount the barriers on the excited surfaces
to reach the product channels on the other side, which is
necessary in the occurrence of the RCT process. It is also
possible that the preference of the NRCT may arise from the
contribution of the crossing seams located in the reactant channel
since the crossing seams of the system are located both in the
entrance and in the exit asymptotic regions.

IV. Conclusions

A three-dimensional nonadiabatic quantum calculation using
the XSOS method to treat the multisurface scattering problems
has been carried out for the three competing processes of the
RCT, NRCT and RNCT in the H+ + D2 reaction system. This
reaction system has a deep well on the ground surface, leading
to numerous resonances in the calculated probabilities and these
mapped out resonance structures are not washed out completely
in the calculated cross sections. The RNCT is found to be the
main channel for the ground rovibrational initial state of the
reactant D2, nevertheless, when D2 is vibrationally or rotationally
excited, in particular to its closest level to the surface crossing,
the nonadiabatic processes could be enhanced to a large extent.
Furthermore, a slight preference is found for NRCT in the two
nonadiabatic processes which are of the same order of magnitude
in cross sections. The exact quantum cross sections are found
to be in good agreement with experimental results, and thus
confirm the validity of the time-dependent wave packet method
we used for treating the nonadiabatic processes in ion/atom-
diatom collision dynamics.
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