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Abstract. Reaction dynamics of prototypical, D + H2 and Cl (2P) + H2, chemical reactions occurring
through the conical intersections of the respective coupled multi-sheeted potential energy surfaces is examined here. In addition to the electronic coupling, nonadiabatic effects due to relativistic spin-orbit coupling
are also considered for the latter reaction. A time-dependent wave packet propagation approach is undertaken and the quantum dynamical observables viz., energy resolved reaction probabilities, integral reaction cross-sections and thermal rate constants are reported.
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1.

Introduction

In recent years non-adiabatic effects due to potential
energy surface (PES) crossings and spin-orbit (SO)
coupling have been realized to play crucial role in the
dynamics of chemical reactions. Attention is therefore paid by various research groups to devise accurate quantum mechanical model in order to simulate
chemical reaction dynamics on multi-sheeted coupled PESs to understand and interpret the modern
experimental molecular beam data.1 In the recent past
dynamical calculations of reaction cross-sections
and thermal rate constants, relied on a single (adiabatic) ground PES of the reaction system.2 However,
recent experimental advances on the reactivity of the
ground and excited electronic states of many chemical
reactions unfolds the role of non-adiabatic coupling
(NAC) between different closely spaced electronic
states and such a single-surface theoretical study appears to be inadequate.3 Full-dimensional quantum
dynamical calculations are necessary considering all
the interacting electronic states which correlate with
the reagent asymptote as well as all the NAC between
them in order to investigate such experimental data.
In this article, we consider two prototypical chemical reactions, e.g. D + H2 and Cl (2P) + H2 and study the
importance of NAC in their nuclear dynamics. Both
the reactions occur through the conical intersections
(CIs)3 of their respective PESs. The D + H2 exchange
*For correspondence

reaction takes place on a doubly degenerate ground
electronic state which splits upon distortion from the
equilibrium configuration of DH2. The resulting two
component PESs form CIs at the equilibrium configuration of the undistorted geometry.
The dynamics of D + H2 reaction has been studied
by Gray and his coworkers4 to calculate the reaction
probabilities for the total angular momentum, J = 0 on
the Liu–Siegbahn–Turhlar–Horowitz (LSTH)5 potential
energy surface. Recently, Sukiasyan et al6 have calculated the initial state-selected reaction cross-sections
for this reaction using the same LSTH PES for the
collision energies up to 1⋅3 eV. These are single surface
calculations, done on the repulsive adiabatic sheet of
the ground electronic state of the system. The effect
of surface coupling on the dynamics of this reaction
has been studied by including the geometric phase
change of the electronic wave function on the latter
surface.7,8 None of the previous calculations have
considered both the surfaces explicitly and the nonadiabatic coupling between them. Our study here includes both the sheets of the degenerate ground electronic states and their coupling surfaces. We have
employed a time-dependent wave packet (TDWP)
method that is previously developed to calculate the
initial state-selected total reaction probability for the
H + H2.9–11 The calculations for the non-zero total
angular momentum are carried out within the centrifugal sudden or coupled states (CS) approximation.
The reaction probabilities, integral reaction crosssections and thermal rate constants are reported.
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The reactions between halogen atoms and molecular hydrogen represent prototypical examples to study
and understand the effect of spin orbit (SO) coupling
in the dynamics.12 The approach of the H2 molecule to
the Cl atom splits the threefold degeneracy of the 2P
state and leads to three adiabatic electronic states with
2
∑1/2, 2∏3/2 and 2∏1/2 symmetries in collinear geometries (1 2A′, 1 2A′′ and 2 2A′ symmetries, respectively,
in non-collinear geometries) (cf. figure 1 of ref. 13). In
reagent arrangement, the first two states correspond
to the ground 2P3/2 SO state of the atomic Cl, and the
third state correlates to its excited 2P1/2 SO state. The
two states of 2A′ symmetry form CIs in the collinear
geometry. In the product arrangement, the 2Σ1/2
adiabatic state correlates with the electronic ground
state of the products, whereas the other two states
correlate with the electronically excited products.
The latter two states are adiabatically closed at low
and moderate collision energies, but they may yield
products in their electronic ground state via nonadiabatic transitions to the 2∑1/2 electronic state.14
Recently, we have studied the dynamics of the Cl
(2P) + H2 reaction for the total angular momentum
J = 0⋅5, by considering the electronic and SO coupling.15 We here extended this study to calculate the
reaction probabilities for all non-zero values of J
within the CS approximation. The reaction crosssections and the thermal rate constants are obtained
from the calculated reaction probabilities in both
uncoupled and coupled surface situations and the results are compared with the available theoretical and
experimental results.16–19 Here we note that, the uncoupled surface results reported in this paper refer to
the treatment of the nuclear dynamics on the lower
adiabatic sheet only without including any non-adiabatic
coupling in the dynamics. The rest of the paper is
organized in the following way; in §2, we present
the theoretical formalism employed for this work.
The results for the D + H2 and Cl (2P) + H2 reactions
are presented and discussed in §3. A summary of
our findings are presented in §4.
2.

Theory

We have employed a TDWP20 approach to calculate the
dynamical observables, e.g. the initial state-selected
and energy resolved reaction probabilities, integral
reaction cross-sections and thermal rate constants.
The reaction probabilities are calculated from the expectation values of the quantum flux operator on the
basis of energy normalized time-independent reactive
scattering wave function. The initial wave packet

(WP), |ψ(t = 0)〉, pertaining to the reagents is prepared
in the asymptotic reagent channel where there is no
interaction between the reagent atom and diatom.
This WP is propagated in the coupled manifold of
electronic states of the respective system by solving
the time-dependent Schrödinger equation (TDSE)
numerically on a grid. For an explicitly timeindependent Hamiltonian the solution reads

ˆ ⎤
⎡ −iHt
| ψ (t )〉 = exp ⎢
⎥ | ψ (t = 0)〉 ,
⎣ = ⎦

(1)

where |ψ(t)〉 is the wave function of the reacting system
at time t, and Ĥ defines the Hamiltonian operator of
the collisional system. The initial wave function,
|ψ(t = 0)〉 in the asymptotic reactant channel can be
represented as a product of the translational wave
function for the approach of the atom to the diatom
and the rovibrational wavefunction of the diatomic
reagent molecule (here H2).
For the D + H2 system, the reaction occurs on 2 × 2
coupled electronic states. Therefore, the interaction
Hamiltonian in a diabatic electronic basis can be
written as

⎛ 1 0 ⎞ ⎛ U11 U12 ⎞
H d = TN ⎜
⎟,
⎟+⎜
⎝ 0 1 ⎠ ⎝ U 21 U 22 ⎠

(2)

where TN represents the diagonal nuclear kinetic energy
operator and the second term represents the nondiagonal electronic part of the Hamiltonian in the
diabatic electronic basis. In terms of the mass-scaled
body-fixed (BF) Jacobi coordinates R, r and γ (symbols
representing their usual meaning) and for the total
angular momentum J ≠ 0, TN is given by

TN = −

ˆj
lˆ
= ⎡ ∂2
∂2 ⎤
.
+
⎢ 2 + 2⎥+
2
2μ ⎣ ∂R
∂r ⎦ 2μ r
2μ R 2

(3)

The quantities U11 and U22 in (2) are the energies of
the two diabatic electronic states and, U12 = U21,
represent the electronic coupling between them. The
operator ĵ defines the diatomic rotational angular
momentum and lˆ is the orbital angular momentum
operator. The quantity, μ represents the three-body
reduced mass calculated accordingly from the masses
of the three atoms involved in the reaction. The BF
z-axis is defined to be parallel to R and the diatom
lies in the (x, z) plane. Within the CS approximation21 the quantity ˆjz is expressed as

lˆ 2 ≡ ( Jˆ − ˆj ) 2 = Jˆ 2 + ˆj 2 − 2ljˆZ ,

(4)
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where Ĵ is the total angular momentum operator and Ĵz
and ĵ z are the respective BF z components of Ĵ and
ĵ . The elements of the diabatic electronic Hamiltonian matrix of (2) are obtained by diabatizing the
adiabatic electronic Hamiltonian matrix through a
similarity transformation using a unitary adiabaticto-diabatic transformation matrix (S). The two adiabatic sheets of the double many body expansion
(DMBE) potential energy surface developed by Varandas et al22 are diabatized9,10,23 and used in the present
calculations.
The inclusion of SO coupling in the dynamics of
Cl (2P) + H2 reaction, on the other hand leads to a
problem involving six coupled electronic states.14
This can be reduced to a three states problem in a
suitable complex basis representation.24 In a diabatic
electronic basis, the nuclear part of the Hamiltonian
becomes a 3 × 3 diagonal matrix and the non-diagonal
electronic part of the Hamiltonian involves six potential energy surfaces,24 three diabatic PESs (VΣ, VΠ
and V2), one electronic coupling surface (V1), and
two SO coupling surfaces (A and B). The explicit
form of the electronic Hamiltonian matrix becomes
⎛
−V1 − i 2 B
V∑
V1 ⎞
⎜
⎟
H = ⎜ −V1 + i 2 B
VΠ + A
V2 ⎟ .
⎜
⎟
V1
V2
VΠ − A ⎟
⎜
⎝
⎠

The elements of the above six PESs are calculated by
Capecchi and Werner employing the state-of-the-art
ab initio methods.14 We use their PESs in our dynamical studies below.
The reaction probability is obtained from the expectation value of the flux operator in the basis of energy normalized reactive scattering wave function.
This is calculated in the asymptotic product channel
and on a dividing surface which separates the products
from the reactants. The energy normalized wave
functions are obtained by Fourier transforming the
time-evolved WP along the divide surface. The explicit expression for the state-selected and energy
resolved reaction probability in a diabatic electronic
representation, is given by9
PvjR ( E ) =

h
2πμ

where, the summation runs over all diabatic electronic
states involved in the reaction dynamics. The quantity
on the right hand side of (6) is integrated over the
entire range of R and γ to obtain the reaction probability
starting from a given vibrational and rotational (v, j)
state of the reagent diatom.
In the adiabatic electronic representation the electronic part of the Hamiltonian is diagonal and the
non-adiabatic coupling elements appear as off-diagonal
elements in the nuclear Hamiltonian. Hence the flux
operator in the adiabatic electronic basis possesses
off-diagonal elements. Consequently, the probability
expression in the adiabatic electronic basis, contains
the off-diagonal electronic contributions in contrast
to the same in the diabatic electronic representation
(for details please see ref. 25 and references therein).
The cumulative reaction probability for a given
initial state (v, j) is calculated by summing up the
reaction probability results for different partial wave
contributions of the total angular momentum J. The
total reaction cross-section is calculated from the reaction probability as26

σ vj ( E ) =
(5)

403

g Ω J max
π j
∑
∑ (2 J + 1) PvjJ Ω ( E ).
κ 2 Ω=0 (2 j + 1) J ≥Ω

(7)

where the quantity gΩ is the degeneracy factor (gΩ = 1
for Ω = 0, and gΩ = 2 for Ω ≠ 0, Ω being the projection
quantum number of the total angular momentum J)
and κ is the weight of the translational component of
the initial WP.
The initial state-selected thermal rate constant27
can be obtained from the total reaction cross-section as

8k BT

1
πμ (k BT ) 2

kvj (T ) =

∞

∫0

Eσ vj ( E )e − E kBT dE ,

(8)

where kB is the Boltzmann constant. Finally, the rotationally averaged thermal rate constant can be obtained by averaging over a Boltzmann distribution of
such states
kv (T ) = ∑
j

kvj (T )
Qrot

(2 j + 1)e − Bj ( j +1) hc kBT ,

(9)

where B is the rotational constant of the reagent and
Qrot is the rotational partition function.

n

∑ Im
k =1

⎡ d
∂φkd ( R, rd , γ , E )
⎢〈φk ( R, rd , γ , E ) |
∂r
⎢⎣

⎤
, (6)
⎥
⎥⎦ r = rd

3.

Results and discussion

The D + H2 (v = 0, j = 0) → HD (Σv′, Σj′) + H reaction
probability values as a function of the total energy E
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(D, H2 translational + H2 rovibrational) are plotted in
figure 1 for a few selected values of the total angular
momentum, J = 0, 10, 20, 30, 40 and 50 (indicated
in the panel) and for Ω = 0. The coupled and uncoupled
surface results are shown by the solid and dashed
lines, respectively. The coupled surface results here
refer to those obtained by simulating the nuclear dynamics using the Hamiltonian of (2) and the uncoupled

Figure 1. Total reaction probabilities as a function of
the total energy E for the D + H2 (v = 0, j = 0) → HD
(Σv′, Σj′) + H exchange reaction for the total angular
momentum, J = 0, 10, 20, 30, 40 and 50. The coupled and
uncoupled surface results are shown by the solid and
dashed lines, respectively.

Figure 2. Initial state-selected integral cross-sections of
the D + H2 (v = 0, j = 0) reaction as a function of the total
energy. The coupled and uncoupled surface results are
shown by the solid and dashed lines, respectively. The
energetic location of the minimum of the seam of conical
intersection occurring at ~ 2⋅74 eV is indicated by an arrow in the abscissa.

surface results are those obtained by simulating the
nuclear dynamics on the uncoupled lower adiabatic
sheet of the DMBE PES.5 The reaction probabilities
are calculated up to the three-body dissociation limit
of the DH2 system (~ 4⋅7eV). As J increases, the reaction threshold increases to higher energy values
due to an increase in the centrifugal barrier height with
J. The resonance structures and their energetic locations remain same in both coupled and uncoupled
surface results for a given value of J. The difference
between the coupled and the uncoupled surface reaction probabilities for a fixed value of J are nearly zero
at low energies. At higher energies near and above the
minimum of the CIs, this difference becomes noticeable. With increase in J, this difference becomes
insignificant.
The initial state-selected and energy resolved integral reaction cross-sections of D + H2 (v = 0, j = 0)
reaction are plotted as a function of the total energy
and are shown in figure 2. The coupled and uncoupled surface results are shown by the solid and
dashed lines, respectively. It can be seen from figure
2 that the reaction cross-section increases with energy reaching a maximum value in the energy range
of ~ 2⋅5–3⋅5 eV and then decreases. The difference
between the coupled and uncoupled surface results
is small at low energies and increases very slightly
beyond the energetic minimum of the seam of CIs,
occurring at ~ 2⋅74 eV.
The thermal rate constants obtained for the
D + H2 (v = 0, j = 0) reaction are shown in figure 3.
The coupled and uncoupled surface results are shown
by the solid and dashed lines, respectively. Similar

Figure 3. Thermal rate constants for the D + H2 (v = 0,
j = 0) reaction. The coupled and uncoupled surface results
are shown by solid and dashed lines, respectively.
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to the reaction cross-section, the difference between
the coupled and uncoupled surface rate constant results is also very small signifying that the D + H2
(v = 0, j = 0) reaction dynamics is insensitive to the
PES crossings starting from the onset up to the three
body dissociation limit.
We now discuss the reaction probability, reaction
cross-section and thermal rate constant results obtained for the Cl (2P) + H2 (v = 0, j = 0) → HCl (Σv′,
Σj′) + H reaction within the CS approximation. To
obtain these results, all required WP calculations are
carried out in the diabatic electronic representation
and by treating Ω as a fixed parameter. The reaction
probabilities are calculated up to a total energy of
1⋅4 eV and inclusion of partial-wave contribution up
to J = 58 are found to be necessary to obtain converged reaction cross-sections in this energy range.
The total reaction probabilities on the uncoupled 2Σ
surface of Cl (2P) + H2(v = 0, j = 0) reaction as a
function of the total energy E are plotted in figure 4
(solid lines) for a few selected values of the total angular
momentum J = 0, 10, 20, 40 and 50 and for Ω = 0. It
can be seen that the reaction onset shifts to higher
energies with an increase in the total angular momentum, J. The sharp resonance structures in the reaction probability for J = 0 are found to become less
pronounced with increasing J value, revealing a more
direct nature of the reaction. On the average the reaction probabilities for higher values of J are smaller
than the corresponding J = 0 results, indicating substantial non-reactive scattering for J ≠ 0 collisions.

Figure 4. Same as in figure 1, for the Cl (2P) + H2
(v = 0, j = 0) reaction, for various values of the total angular momentum, J (indicated in the panel). The uncoupled and coupled surface results are shown by the solid
and dashed lines, respectively.
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In order to examine the effect of the electronic
and SO coupling on the above reaction probabilities,
we have shown in figure 4 (dashed lines) the energy
dependence of the total reaction probability for
J = 0⋅5, 10⋅5, 20⋅5, 40⋅5 and 50⋅5 and for Ω = 0⋅5
obtained in the coupled surface situation (using the
Hamiltonian of (5)). In this case the WP is initially
located on the reagent asymptote of the 2Σ1/2 diabatic
surface. The reaction probability significantly decreases (when compared to the uncoupled surface
results) with the inclusion of the electronic and SO
coupling in the reaction dynamics. The difference
between the uncoupled and coupled surface results
also gradually decreases as J increases. Here we note
that, the results obtained with the electronic coupling
alone do not differ much from the uncoupled surface
results, hence we do not show them here. The reaction onset in the coupled surface situation shifts
more towards higher energy compared to the uncoupled ones. This is due to an increase in the centrifugal
barrier height when SO coupling is included. The
resonance structures also disappear with increasing J
in the coupled surface situation.
The initial state-selected and energy resolved integral reaction cross-sections of the Cl (2P) + H2
(v = 0, j = 0) reaction, as a function of the total energy
are shown in figure 5. These cross-sections are calculated by summing up different partial wave contributions with appropriate weights to the reaction
probability. The uncoupled and coupled (both electronic and SO) surface results are shown by the solid
and dashed lines, respectively. The reaction cross-

Figure 5. Same as in figure 2, for the Cl (2P) + H2 reaction (v = 0, j = 0 to 2). The cross-sections obtained in the
uncoupled and coupled surface situations are shown by
the solid and dashed lines, respectively.
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Figure 6. Same as in figure 3, for the Cl (2P) + H2 reaction. Various points on the diagram represent the result
form the literature.

sections obtained with rotationally excited reagent
H2 (j = 1 to 2) in its vibrational ground level (v = 0)
in both uncoupled and coupled surface situations are
also shown in the panel. The cross-section results
for j > 0 includes contribution from Ω > 0, up to a
maximum value of Ωmax = min(j, J), within the CS
approximation. It can be seen that the reaction crosssection gradually increases with the total energy in
both the coupled and uncoupled surface situations
and it also increases with increasing rotational excitation of the reagent H2.
The thermal rate constants obtained by statistically
averaging over the rotational states j = 0 to 2 are
shown in figure 6 for the Cl (2P) + H2 (v = 0) reaction. The result obtained by considering the electronic and SO coupling in the dynamics is shown by the
solid line and the same without any coupling in the
dynamics is represented by the dashed line. The
available experimental16–18 and recent theoretical results19 are shown as different points in the diagram.
It can be seen that the thermal rate constants calculated without including any coupling in the dynamics is far from the experimental results whereas the
results obtained including the electronic and SO
coupling agree well with the experiment. The theoretical rate constants calculated by Manthe et al19 using
Multi-configuration time-dependent Hatree approach
also uses the SO corrected adiabatic 2Σ1/2 PES in the
dynamics.
4.

Conclusions

We have presented a brief theoretical account of the
electronic non-adiabatic coupling effects on the dy-

namics of D + H2 and Cl (2P) + H2 reactions. The
D + H2 reaction occurs on the lower adiabatic sheet
of its coupled ground electronic manifold whereas,
the Cl (2P) + H2 reaction occurs in the coupled manifold
of three electronic states. In addition to the electronic
coupling, the relativistic SO coupling is also important in the dynamics of the latter reaction. The quantum
dynamical simulations are carried out on a suitable
diabatic electronic basis and by a time-dependent
WP propagation approach within the CS approximation. Calculation of the dynamical quantities, e.g. initial
state-selected energy resolved total reaction probabilities, integral reaction cross-sections and thermal rate
constants are carried out both in the uncoupled and
coupled surface situations. The NAC has a minor
impact on the dynamics of the D + H2 exchange reaction but a huge impact of the SO coupling on the
of Cl (2P) + H2 reaction is observed.
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