
Nonadiabatic Time-Dependent Wave Packet Study of the D+ + H2 Reaction System

Tian-Shu Chu and Ke-Li Han*
State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China

ReceiVed: October 25, 2004; In Final Form: December 23, 2004

A theoretical investigation on the nonadiabatic processes of the D+ + H2 reaction system has been carried
out by means of exact three-dimensional nonadiabatic time-dependent wave packet calculations with an
extended split operator scheme (XSOS). The diabatic potential energy surface newly constructed by Kamisaka
et al. (J. Chem. Phys.2002, 116, 654) was employed in the calculations. This study provided quantum cross
sections for three competing channels of the reactive charge transfer, the nonreactive charge transfer, and the
reactive noncharge transfer, which contrasted markedly to many previous quantum theoretical reports on the
(DH2)+ system restricted to the total angular momentumJ ) 0. These quantum theoretical cross sections
derived from the ground rovibrational state of H2 show wiggling structures and an increasing trend for both
the reactive charge transfer and the nonreactive charge transfer but a decreasing trend for the reactive noncharge
transfer throughout the investigated collision energy range 1.7-2.5 eV. The results also show that the channel
of the reactive noncharge transfer with the largest cross section is the dominant one. A further investigation
of theV-dependent behavior of the probabilities for the three channels revealed an interesting dominant trend
for the reactive charge transfer and the nonreactive charge transfer at vibrational excitationV ) 4 of H2. In
addition, the comparison between the centrifugal sudden (CS) and exact calculations showed the importance
of the Coriolis coupling for the reactive system. The computed quantum cross sections are also compared
with the experimental measurement results.

1. Introduction

From the theoretical point of view, interest in the (H+ H2)+

system and its HD and D2 variants1-14 derives from its simplicity
and its rich reaction dynamics. The highest level of theory can
be applied to study the reaction system containing only three
light atoms. In this reaction system, the charge transfer processes
taking place on several potential energy surfaces have received
more and more attention due to their highly significant
importance in the nonadiabatic dynamics fields. Actually, some
theoretical nonadiabatic studies of this system and its isotopic
variants,9-11 as well as many other studies on the reactions of
F + H2 f H + HF,15-18 Cl + H2 f H + HCl,19,20O + H2 f
H + OH,21,22and so forth, have been carried out recently. Both
trajectory surface hopping methods and quantum mechanical
methods were employed in the efforts to elucidate the reaction
mechanisms induced by the nonadiabatic transitions. Being a
paradigm for reactions accompanied by nonadiabatic transitions,
the (H + H2)+ system, along with its isotopically substituted
system, lends itself to many accurate nonadiabatic quantum
calculations. Such quantum studies have been carried out by
Markovic et al.,7 Last et al.,8 Ushakov et al.,9 Takayanagi et
al.,10 and Kamisaka et al.11 By using Johnson’s hyperspherical
coordinates and the iterative Lanczos reduction propagation
technique in a time-dependent wave packet study, Markovic et
al.7 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.
The calculated cross sections and the opacity functions for the
charge transfer process in the H+ H2

+ reaction system were
reported by Last et al.,8 who carried out a time-independent
calculation with coupled states approximation. Ushakov et al.9

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 H2. Ion-molecule collisions of D+ with H2 were studied
by Takayanagi et al.,10 using also the time-independent approach,
but they only presented the cumulative reaction probability for
J ) 0. Recently, Kamisaka et al.11 have reported on an extensive
time-independent quantum study for the (D+ H2)+ system and
calculated the cumulative transition probabilities ofJ ) 0 for
six given adiabatic and nonadiabtic processes of the reaction
systems. Up to now, however, these elaborating quantum
calculations of the (D+ H2)+ system were all limited to the
total angular momentumJ ) 0, and no theoretical quantities
comparable to experimental observables have been achieved in
the investigated energy range. Furthermore, like the previously
published studies on the O+ H2,23,24 H + O2,25,26 and C+
H2

27,28 systems in which the deep well challenges the accurate
quantum dynamics methods, the accurate nonadiabatic quantum
calculation on the (D+ H2)+ system is complicated by the
presence of the rather deep singlet well of the system.

In this paper, we report for the first time on the exact quantum
total reaction cross sections for three competing channels in
the D+ + H2 reaction system for the ground rovibrational initial
state of H2 over collision energies of 1.7-2.5 eV. It is hoped
that this will contribute to the understanding of the nonadiabatic
properties in this system by carrying out several three-
dimensional nonadiabatic wave packet studies, utilizing an
extended split operator scheme (XSOS) developed for treating
the multi-potential energy surface (PES) problem.29,30The idea
of achieving a direct comparison between theoretical quantum
calculations and experiments also stimulated the present work.
In addition, the comparison between the coupled channel (CC)31
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and centrifugal sudden (CS) approximation32,33 calculations of
the system will enable us to discuss the accuracy of the CS
approximation to the reaction.

The three investigated channels are the reactive charge
transfer (RCT), the nonreactive charge transfer (NRCT), and
the reactive noncharge transfer (RNCT):

Nonadiabtic wave packet calculations on rather accurate and
ab initio based potential energy surfaces are presented in order
to obtain the reaction probabilities and cross sections over the
collision energy range 1.7-2.5 eV as well as to quantify the
role of H2 vibrational excitation in the nonadibatic transitions.

In Figure 1, we depict the schematic energy profile of the
(DH2)+ system in adiabatic representation. The electronic
structure of the (DH2)+ system has the features of an adiabatic
ground surface 11A′ with a deep well and correlating asymptoti-
cally to the D+ + H2 reactant, while the first excited surface
21A′, which is repulsive, correlates asymptotically to the D+
H2

+ reactant and the second excited surface 31A′, which is also
repulsive, is lying on a rather higher level. In the region far
away from the geometry of the DH2+ triatomic complex, there
are crossing seams of the two surfaces 11A′ and 21A′. At least
these three potential energy surfaces should be taken into
account in the dynamics of the D+ + H2 reaction, which can
be described within a diabatic coupling representation by using
the 3× 3 diatomics-in-molecule (DIM) PES or the derived 3
× 3 PES from the DIM PES by adding some correction terms.

This paper is organized as follows. Section II describes the
potential energy used for this study. The method of dynamics
calculations is presented in section III. Then, section IV presents
the calculated results and the discussion. The summary is in
section V.

2. Potential Energy Surfaces

We use the same diabatic KBNN potential energy surface as
that in ref 11, which was a newly developed surface consisting
of a 3 × 3 DIM potential matrix and three-body correction
terms. To improve the fitting accuracy in the total energy range
2.0-2.6 eV, 577 ab initio energy points for the ground state

surface and 79 points for the first excited state surface were
used to determine the fitting parameters of the KBNN surface.
There was a deep well of∼4.0 eV on the corresponding
adiabatic ground surface of the KBNN, which was also
characterized by a smaller long-range attractive force and by
the vanished fake barrier around a hyperradius of 8 au,11 as
compared with the previously constructed DIM surface.9 The
contour maps of the adiabatic surfaces for the ground state and
for the first exited state, along with the coupling between them,
are shown in Figure 2. More details can be found in ref 11.

3. Time-Dependent Wave Packet Calculations for
Multi-Potential Surfaces

Since the descriptions of the time-dependent wave packet
calculation using the split operator propagation method for the
single-surface problem can be found in many published
papers34-38 and the details of the nonadiabatic quantum dynam-
ics method are described in ref 29, here we only give a brief
outline.

Figure 1. Cuts through the entrance channel in the asymptotic region
(R f ∞). The dotted curve depicts the ground potential energy surface
11A′, while the solid curves represent the excited potential energy
surfaces 21A′ and 31A′.

D+ + H2 f DH+ + H RCT (1.1)

D+ + H2 f D + H2
+ NRCT (1.2)

D+ + H2 f H+ + HD RNCT (1.3)

Figure 2. Contour plots of potential energy surfaces of the D+ + H2

system as a function of Jacobi coordinates (R, r, γ): (a) the adiabatic
ground state; (b) the adiabatic first excited state; (c) coupling between
the ground state and the first excited state.
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The time-dependent Schrodinger equation for a triatomic
system involving more than one potential energy surface can
be written in a diabatic representation as

where in terms of Jacobi coordinates

the usual definitions ofR, r, µR, µr, Vr(r), J, andj can be found
in ref 35.ψi (i ) 1, 2, or 3) is the component of the total unitary
wave function relating to each of the three potential energy
surfaces. The wave function is expanded in terms of translational
basisUn

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

JMε(R̂, r̂).35

In the exact treatment, the operation of the orbital angular
momentum (or centrifugal potential) operator on the BF total
angular momentum eigenfunction can be written as39,40

andλ is defined as

As can be seen, the centrifugal potential in the BF representation
is not diagonal. Different K channels are coupled through the
centrifugal potential for the total angular momentumJ > 0. In
the centrifugal sudden approximation32,33 for the total angular
momentumJ > 0, the off-diagonal terms in eq 2.5 are neglected
to give the following CS result

After the initial wave packet had been prepared, it was then
propagated using the XSOS.29,30 For a time step∆, the
propagation of the wave function can be treated as follows

whereT is the unitary transform matrix, which is determined
by diagonalizing the real potential matrix

to

T̃ is the transposed matrix ofT.
The initial specified total reaction probabilities are finally

obtained on the surfaces of relevance by calculating the reaction
flux at a fixed surfaces ) s0.35

For a reactive process,s ) r and µ ) µr; for a nonreactive
process,s ) R and µ ) µR. The total reaction cross sections
are calculated by

with k0 ) x2µRE andE is the collision energy.

4. Results and Discussion

To get converged results, the following parameters were first
determined by a preliminary test and then used in the calcula-
tions: 300 translational basis functions for theR coordinate in
the range 0.2-22a0, 140 vibrational basis functions for ther
coordinate from 0.5a0 to 15.0a0, jmax ) 100 for rotational basis,
and a total propagation time of 30 000 au. Both the CS and CC
calculations are carried out, and the number ofK used in the
CC calculation is up to 5.

ip
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Figure 3 shows the reaction probabilities obtained by the CS
and CC calculations for the ground rovibrational initial state of
H2: (a) for J ) 0, 5, 10, 15, and 20 for RCT, (b) forJ ) 0, 10,
15, 20, and 25 for NRCT, and (c) forJ ) 0, 10, 15, 20, and 25
for RNCT. Due to the deep well on the ground surface, many
sharp, overlapping resonance peaks in the reaction probabilities
appeared. As can be seen, both the RCT and NRCT results
display an overall increasing trend with the increase of the
collision energy, while the RNCT probabilities drop slightly as
the collision energy is increased. AtJ ) 0, a threshold energy
of ∼1.8 eV was observed for both RCT and NRCT, and the
“energy shift” at largeJ’s caused by the centrifugal barrier was
also observed in the two processes. Comparing the CS calcula-
tions with the corresponding exact calculations, it is apparent
that the influence on the present system of neglecting the
Coriolis coupling in the CS calculations is significant. The CS
calculations produced much smaller reaction probabilities of the
RCT and RNCT than the exact calculations. Besides, at highJ,
or at high collision energies for the sameJ, the CS values show

much deviation from the CC results. For the NRCT, the CS
influence is not only incarnated in the calculated values but also
in theJ-dependent behavior of the probabilities. As seen from
Figure 3a and c, both the CS and CC probabilities of the RCT
and RNCT decrease with increasingJ nearly at each collision
energy, whereas an abnormalJ-dependent behavior of the CS
probabilities is observed for the NRCT in that the probability
tends to increase with increasingJ for low J’s of 0-15 and
then decrease for higherJ’s. Nevertheless, such a feature has
nearly disappeared in the CC calculations in that a significant
decrease of the probability is found for the lowJ’s of the same
range, and also the deviation of the CS probability from the
CC result tends to be small for higherJ’s, quite different from
the RCT/RNCT.

A comparison of the present calculated probabilities forJ )
0 of the RCT and NRCT channels with the time-independent
results11 is shown in Figure 4. One could find a reasonable
agreement between both the calculated results in rich resonance
structures and energy thresholds. However, quantitative differ-

Figure 3. Calculated CS/CC probabilities as a function of collision energy in the energy range 1.7-2.5 eV: (a) for the RCT process D+ + H2 (V
) 0, j ) 0) f DH+ + H with J ) 0, 5, 10, 15, and 20; (b) for the NRCT process D+ + H2 (V ) 0, j ) 0) f D + H2

+ with J ) 0, 10, 15, 20,
and 25; (c) for the RNCT process D+ + H2 (V ) 0, j ) 0) f H+ + HD with J ) 0, 10, 15, 20, and 25. Left panel, CS calculations; right panel,
CC calculations.
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ences, such as the peak positions and peak widths, are still found
in the comparison, which, we believe, should be attributed to
the different dynamical schemes. However, such differences
have little effect on the calculated cross sections, since many
of these resonance structures would be washed out through the
total angular momentumJ averaging (or J sum) in the
calculations.

The quantum CS and CC cross sections for the ground
rovibrational initial state of H2 are shown in Figure 5: (a) for
RCT, (b) for NRCT, and (c) for RNCT. In the calculated cross
sections with the CS approximation, the resonance still survives
and leads to the observed wiggling structures, whereas less
wiggling structures are observed in the exact results due to the
fact that more K states are included and therefore results in the
further washing out of the resonance. It is also found that the
CS approximation leads to the underestimation of the cross
sections for the RCT/RNCT but the overestimation for the
NRCT. In particular, it influences the RNCT most for which
the largest deviation is observed between the CC and CS cross
sections. 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
sections of RCT and NRCT show noticeable thresholds of∼1.8
eV, similar to the probabilities of the two processes. In addition,
the CC cross section also shows a nearly linear increase
(decrease) as a function of collision energy for the RCT, NRCT
(RNCT). A comparison between the present quantum results
and the experimental measurements41 is shown in Figure 6 for
the RCT and RNCT processes only, because the experimental
data for the NRCT channel are not available so far. There is an
overall agreement of the general trend in cross sections over
all collision energies considered. For the RCT process, the
present quantum calculations give a threshold of∼1.8 eV, which
is in good agreement with the experimental value 1.82 eV. Also,

the CC RCT cross sections agree reasonably well with the
experimental results but the CS cross sections are somewhat

Figure 4. Comparison of probabilities forJ ) 0 between the previous
time-independent and the present time-dependent quantum studies: (a)
RCT; (b) NRCT.

Figure 5. Calculated CS/CC total cross sections as a function of
collision energy in the range 1.7-2.5 eV: (a) for the RCT process D+

+ H2 (V ) 0, j ) 0) f DH+ + H; (b) for the NRCT process D+ + H2

(V ) 0, j ) 0) f D + H2
+; (c) for the RNCT process D+ + H2 (V )

0, j ) 0) f H+ + HD.

Figure 6. Comparison between the experimental data and the CS/CC
calculated quantum cross sections.
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smaller. While, for the RNCT process, the computed CC
quantum values are somewhat higher than the experimental
results, we can see that a better improvement has been achieved
with inclusion of the Coriolis coupling, since the corresponding
CS cross sections are much lower than the experimental
measurements. One of the most probable reasons for the
discrepancy between our CC RNCT values and the experimental
results is that the present calculations were carried out for the
ground rovibrational initial state of the reactant H2, whereas
the experimental data were measured at room temperature.41

Consequently, it is required that the exact quantum calculations
on the rotational excited initial statej ) 1 of the reactant H2,
which is the most probablej populated at room temperature,
should be carried out in order to make the comparison more
reasonable. However, such implementation needs further tedious
effort that is quite beyond the scope of this work. In the
meantime, we just performed the calculations on thej ) 1
rotational initial state of H2 for severalJ values, and the results
showed that the H2 rotational excitation mildly reduces the
reaction probabilities. Thus, it is conceivable that better agree-
ment can be reached between the experimental and the present
CC RNCT cross sections if the exact calculations are carried
out for the rotational excited initial statej ) 1 for all possible
J. It is worth noting that further experimental data are also
required for carrying out a more quantitative comparison.

Figure 7 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 a
vibrational excitation ofV ) 4, indicating that the vibrational
excitation of the reactant does enhance the nonadiabatic
transition probabilities. Further, there is a slight preference to
the NRCT enhancement of vibrational excitation, as compared
with the RCT. Accordingly, the RNCT probability atV ) 4
decreases to an average of 40-50%. It is also observed that at
a collision energy of 2.1 eV the RCT probability exceeds the
RNCT probability and that the sum of the RCT and NRCT
probabilities is larger than the value of the RNCT forV ) 4.
These are due to the fact thatV ) 4 of H2 is the most likely
vibrational level to access the surface crossing seam.

A quantitative understanding of the reaction mechanisms can
be obtained based on the present quantum results. It is
demonstrated that, for the ground initial rovibrational state of
reactant H2, the RNCT dominates because it has the largest cross
section of the three computed values. Since the RNCT occurs
predominantly on the ground surface that favors an insertion
mechanism due to the deep potential well, consequently, we
can say, in other words, that the insertion mechanism has been
shown to be the underlying mechanism for such reaction with
H2 in its ground initial state. Even though the formation of the
nonadiabatic RCT/NRCT channels are always small in com-
parison with the RNCT channel at present, the different general
trend as a function of energy exhibited by the three channels
has, nonetheless, indicated the progressively opening up of the
nonadiabtic channels for higher collision energy. This is quite
understandable in that a high collision energy should provide
more chance for the reactant to reach the crossing seams, a
prerequisite for the occurrence of the nonadiabatic RCT and
NRCT. Thus, at high collision energies, the nonadiabatic
transition mechanism involving several potential energy surfaces
may act and its contribution to the underlying mechanism
increases slightly as the collision energy increases. Further, as
shown in Figure 8, the alternative ascending fashion of the RCT/
NRCT cross sections indicates that the two nonadiabatic
channels are very competitive and comparable to each other at

low collision energies, but once the collision energy exceeds
2.2 eV, the cross section of the RCT rises rapidly and becomes
the favored channel. This can be explained as follows: With
the prerequisite of being able to reach the crossing seams, the

Figure 7. Calculated probabilities forJ ) 0 at the vibrational levels
V ) 0 andV ) 4 of the reactant H2 with j ) 0, respectively: (a) RCT;
(b) NRCT; (c) RNCT.

Figure 8. Computed CC cross sections for the two nonadiabatic
processes of the RCT and NRCT.
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reactant would then surmount the barriers on the excited surfaces
to reach the product channels on the other side to form the RCT
channel, or repel back to the reactant channels to open up the
NRCT channel. For the reactant at collision energies below 2.2
eV, the opportunity of reaching the product side is almost the
same as that of repelling backward, but at high collision
energies, the former would overwhelm the latter, resulting in
the slight preference for the RCT over the NRCT, although the
two transition cross sections have magnitudes of the same order.
Besides, the preference of the RCT may also arise from the
contribution of the crossing seam located in the product channel,
since the crossing seams of the system are known to be located
both in entrance and exit asymptotic regions. In addition, the
strongV dependence of the calculated probabilities revealed that
the vibrational excitation of the reactant H2, especially its closest
level to the surface crossing ofV ) 4, plays a very important
role in the electronically nonadiabatic transitions. TheV ) 4
results also suggest that, in the nonadiabatic transitions, the role
of the vibrational excitation could be much more important than
that of the translational excitation. Hence, it can be surmised
that the RCT and NRCT should dominate over the RNCT when
the reactant H2 is excited to its vibrational level ofV ) 4 and
that the nonadiabatic transition mechanism, instead of the
insertion mechanism, contributes most to the reaction dynamics.

5. Conclusions

We have performed three-dimensional nonadiabatic quantum
calculations for three competing processes of the RCT, NRCT,
and RNCT in the D+ + H2 reaction system. In the calculations,
the XSOS has been introduced to treat the multisurface
problems. The main channel for the ground rovibrational initial
state of the reactant H2 is the RNCT, since it has the largest
cross section. However, when H2 is vibrationally excited, in
particular to its closest level on the surface crossing, the
nonadiabatic processes begin to dominate in the reaction system.
Furthermore, a slight preference is found for the RCT at high
collision energy in the two nonadiabatic processes that are of
the same order of magnitude in cross sections. The comparison
between the CS and CC calculations revealed that the CS
approximation underestimates the cross sections of the RCT and
RNCT but overestimates the cross section of the NRCT. Again,
the poor agreement between the CS quantum values and the
experimental data is attributed to the neglect of the Coriolis
coupling in the CS approximation, and the exact CC quantum
results reasonably agree with the experimental measurements.
Our calculations demonstrated that inclusion of the Coriolis
coupling is very important for an accurate calculation of the
reactive system.
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